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ABSTRACT

CAPILLARY ELECTROPHORESIS OF PROTEINS WITH SELECTIVE ONLINE AFFINITY MONOLITHS

Jenny Marcela Armenta Blanco
Department of Chemistry and Biochemistry
Doctor of Philosophy

The analysis of proteins in biological fluids by capillary electrophoresis (CE) is of
interest in clinical chemistry. However, due to low analyte concentrations and poor
concentration limits of detection (CLOD), protein analysis by this technique is frequently
challenging. Coupling preconcentration techniques with CE greatly improves the CLOD.
An on-line preconcentration-CE method that can selectively preconcentrate any protein
for which an antibody is available would be very useful for the analysis of low abundance
proteins and would establish CE as a major tool in biomarker discovery. To accomplish
this, an on-line protein G monolithic preconcentrator CE system for enrichment and
separation of proteins was developed. This system proved effective for on-line sample
extraction, clean-up, preconcentration, and CE of IgG in human serum. IgG from diluted
(500 and 65,000 times) human serum samples was successfully analyzed using this
system. The approach can be applied to the on-line preconcentration and analysis of any
protein for which an antibody is available.
The desire to separate all proteins present in human tissues, cells and biological
fluids has challenged the separation research community for many years. The difficulty

of this task resides in the complexity of the sample. Blood serum, for instance, may
express up to 10,000 proteins with an estimated dynamic range of 9 orders of magnitude.
Additionally, most of these proteins are present at very low concentrations (ng/mL).
Identification and quantification of low abundance proteins is hindered by the presence of
high abundance proteins, such as human serum albumin (HSA) and immunoglobulins
(IgG). Therefore, in most cases, removal of the high abundance proteins or enrichment
of low abundance proteins is necessary prior to the analysis of low abundance proteins.
To address this, a coupled affinity-hydropobic monolithic column for the simultaneous
removal of IgG, preconcentration of low abundance proteins, and separation by capillary
zone electrophoresis was designed. The system proved to be very reproducible. The runto-run %RSD values for migration time and peak area were less than 5%, which is typical
of CE.
Finally, a new method was developed to prepare monoliths with anion exchange
functionality. Polymer monoliths were prepared by in situ polymerization of
methacrylate monomers. The monoliths were coated with a water soluble polymer and
used for the analysis of proteins. Using this approach, a model monolith was prepared.
Subsequent coating yielded a monolith with quaternary ammonium groups on the surface,
which was confirmed by strong anodic electroosmotic flow. Analysis of standard
proteins by ion exchange LC and CEC was demonstrated. This simple and rapid method
for surface modification opened new avenues for the preparation of monoliths with a
broad range of functionalities.
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1
1.1

INTRODUCTION
Proteomics
With completion of the Human Genome Project, the major bioanalytical focus has

shifted to proteomics. Proteomics is a term that refers to the characterization of all
proteins expressed by a group of active genes in a given cell or tissue.1 Analyzing the
proteome of human serum is a challenging task. A major difficulty is the complexity of
the sample. It is estimated that thousands of proteins may be present in concentrations
varying within at least 10 orders of magnitude. In addition, proteins may undergo posttranslational modifications (e.g., glycosylation and phosphorylation), further amplifying
sample complexity. It is evident that no existing methodology is adequate to separate and
detect this large number of proteins present in such a wide dynamic range of
concentrations. Therefore, resolving the proteins in complex samples often necessitates
the use of prefractionation and concentration techniques. 2
1.2

Prefractionation and Separation Technology for Proteomics
The development of methods to simplify complex protein mixtures has become a

major focus of numerous scientists. Various approaches, based on chromatographic,
electrophoretic, or a combination of these methods, either on-line or off-line, have been
developed to prefractionate and enrich low abundance proteins.1,3
Fractionation methods exploit a particular physical or chemical property of the target
compound. Frequently-used fractionation techniques for proteomics include
ultracentrifugation,4 gradiflow,5,6 size-exclusion chromatography,7 isoelectric

1

focusing,8-10 hydrophobic interaction chromatography,7 reversed-phase liquid
chromatography,1 ion-exchange chromatography,7 affinity chromatography,11-14 surface
enhanced laser desorption ionization-mass spectrometry,15 and two dimensional gel
electrophoresis.16
Due to its high separation power (> 1000 proteins), two dimensional gel
electrophoresis (2-DGE) has been the leading technique for proteomics. In 2-DGE,
isoelectric focusing is used to separate proteins according to their isoelectric points in a
first dimension. Then, in a second dimension, gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS) is used to further fractionate proteins according to their
sizes. A typical protocol for proteomic analysis involves separation by 2-DGE with
subsequent excision, extraction and digestion of the protein bands from the gel. Protein
identification is then performed by mass spectrometric analysis of the resulting peptide
mixture. In the field of biomarker discovery, 2-DGE has found widespread application
since it affords direct comparison of protein expression levels in samples from healthy
and diseased people.
The potential of 2-DGE to investigate cancer and other diseases has been
demonstrated by several authors.17-23 Steel et al.18 developed an approach to search for
biomarkers in the serum proteome of patients undergoing hepatocellular carcinoma
(HCC). Patients were divided into four categories according to the stage of the disease;
namely, healthy, inactive chronic, active chronic, and chronic. Analysis of serum
samples using 2-DGE followed by mass spectrometry (MS) indicated that the
concentrations of complement C3 and apolipoprotein A1 were low in patients with HCC,
suggesting that these protein levels could potentially be indicative of disease progress.
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However, to confirm these results, further studies are needed with larger groups of
people. In another investigation, He et al.17 explored the serum proteome for hepatitis B
virus (HBV) biomarkers. Serum samples from healthy and diseased people were
subjected to 2-DGE, tryptic in-gel digestion and matrix assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF MS) analysis. Seven proteins
(haptoglobin β chain, haptoglobin α2 chain, apoliprotein A-1, apoliprotein A-IV, α1antitrypsin, transthyretin and DNA topoisomerase ΙΙβ) were differently expressed in
healthy patients and those undergoing HBV. Proteomic technology has also been used to
search for renal cell carcinoma markers.19 Early detection of physiological conditions
would be very beneficial for the management of diseases.
Since its introduction in 1975 by O’Farrell for the separation of cellular proteins
under denaturing conditions, much research has been focused on the improvement of 2DGE. Modern approaches involve the use of narrow range immobilized pH gradient
(IPG) strips instead of ampholyte solutions, and more sensitive staining methods using
reagents such as Coomasie blue.24 In spite of these improvements, some limitations still
remain. 2-DGE is laborious and it suffers from difficulty in focusing very acidic or basic
proteins and limited dynamic range; as well as poor reproducibility, sensitivity,
quantitation, and solubility of hydrophobic and membrane proteins.16,25
As a result of these limitations, researchers are continuously developing
prefractionation techniques to enrich proteins and simplify sample complexity prior to 2DGE. Typically, chromatographic methods have been adopted as a prelude to 2-DGE.7
Various reports on the use of heparin chromatography before 2-DGE for the analysis of
complex protein systems can be found in the literature.3,20 Karlsson et al.20 demonstrated
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the utility of heparin columns to concentrate human fetal brain proteins. Eighteen new
proteins were identified when heparin was used to reduce sample complexity before 2DGE. Hydroxyapatite chromatography was used to simplify the proteome of Escherichia
coli. Sample enrichment using this technique permitted detection of 130 new spots in 2DGE.26 Butt et al.7 used anion exchage chromatography before 2-DGE to fractionate
proteins from Escherichia coli. Proteins were enriched up to 13-fold. To improve
detection of low abundance proteins, Badoc et al.1 included a reversed-phase highperformance chromatographic step before 2-DGE of cell lysates.
Identification and quantification of low abundance proteins is hindered by the
presence of high abundance proteins, such as human serum albumin (HSA) and
immunoglobulins (IgG), which together represent almost 75 % of the total proteins
present in serum.25,27-28 Therefore, in most cases, removal of the high abundance proteins
or enrichment of the low abundance proteins is necessary prior to the analysis of low
abundance proteins.25,27,29 The use of a membrane based preparative electrophoresis
method (gradiflow) for removal of albumin from human plasma has been reported.6
Using this technique, plasma proteins were separated according to their pI values into two
main fractions. The fraction containing albumin and other proteins with similar pI values
to albumin were further fractionated by their differences in molecular weight. Albumin
was then separated from other low molecular weight proteins based on a size exclusion
mechanism. For the depleted albumin plasma samples, more proteins were visualized in
the 2-DE gels. By removing this high abundance protein, more sample could be loaded
on the gels without causing protein precipitation. Colantonio et al.30 implemented a
chemical-based extraction method for albumin removal. The protocol involved
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incubation and centrifugation of serum samples following treatments with 0.1 M NaCl,
42% EtOH, and 0.8 M sodium acetate, pH 4.0. This approach, compared to conventional
methods, such as separation on Cibacron Blue F3G-A columns and ammonium sulfate
precipitation, proved to be more effective for the selective removal of albumin. Georgiou
et al.4 investigated ultracentrifugation as an alternative method for albumin removal from
human plasma. Their results demonstrated that this technique is not effective in
removing this high abundance protein.
Affinity chromatography has been implemented as a prefractionation technique for
removal of high abundance serum proteins prior to 2-DGE.31,32 Ahmed et al.31 compared
two different commercially available kits for albumin and immunoglobulin removal
(Affi-Gel Blue and Aurum). Their study showed that protein visualization increased after
treatment using either method.
As an alternative to 2-DGE, multidimensional separation methods in combination
with highly sensitive and selective detection techniques, such as MS and laser induced
fluorescence (LIF) have been implemented by several groups.16,33-37 Chen et al.8
developed an approach to couple capillary isoelectric focusing (CIEF) to reversed phase
liquid chromatography (RPLC) by means of a microinjector. Enrichment factors of 50100 times were achieved for the proteomic study of Drosophila salivary glands. In-gel
IEF-LC-MS/MS has been described for proteomic analysis.9 Giorgianni et al.9 utilized
isoelectric focusing to separate human pituitary proteins. Following in-gel digestion of
the protein bands, the peptide mixtures were separated and identified by LC-MS/MS.
Interestingly, none of these techniques can provide the resolving power of 2-DGE.

5

It is evident that in the field of proteomics, there is an urgent need for the
development of new sample preparation, concentration and separation techniques that
would allow higher resolution than attainable by 2-DGE, and that would be sensitive
enough to detect the low-abundance proteins. This dissertation was centered on this
need.
1.3

Biomarker Discovery
A highly competitive research area in proteomics is the discovery of biomarkers

(proteins that change in concentration or state indicative of a specific physiological state
or disease).25 The proteome of human sera is a good source for biomarker investigation.
Identifying and quantifying novel cancer biomarkers is challenging due to the very low
concentrations at which these proteins are usually present (ng/mL). These low
concentrations require the use of very sensitive and selective analytical tools. Routine
analytical methods to screen for biomarkers in serum or plasma samples involve radio
immuno assay and enzyme-linked immunosorbent assay. However, these timeconsuming methods are tedious, difficult to reproduce, and prone to generate false
positives. Therefore, innovative techniques for analysis of specific biomarkers need to be
developed.31,38 Because of its high separation efficiency, speed, and low sample and
buffer consumption, capillary electrophoresis (CE) should become more valuable in the
field of proteomics.38
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1.4

Capillary Electrophoresis and Its Application to Protein Analysis

1.4.1

Capillary Electrophoresis Fundamentals

Capillary electrophoresis is a relatively modern analytical separation technique that
has found extensive use in clinical chemistry.39-41 Typical applications include analysis
of peptides, proteins, drugs, drug metabolites, carbohydrates, biological extracts and
small molecules. Capillary electrophoresis can be divided into six main groups according
to the separation mode; namely capillary isoelectric focusing (CIEF), micellar
electrokinetic chromatography (MEKC), capillary electrochromatography (CEC),
capillary gel electrophoresis (CGE), capillary isotachophoresis (CITP) and capillary zone
electrophoresis (CZE). All these are electrically driven techniques, meaning that applied
voltage rather than pressure is the driving force for separation.42-44
Capillary Isoelectric Focusing. In this technique, analytes separate according to
their isoelectric points. A typical CIEF experiment is performed as follows. The
capillary is filled with the sample solution containing ampholytes (compounds that can
act as either acid or base) having a range of pI values. One end of the capillary is
immersed in an acidic solution, and the other in a basic solution (anode and cathode,
respectively). After voltage is applied, ampholytes start to migrate and form a pH
gradient within the capillary. Analytes migrate in this pH gradient and focus at the
positions where their pI equals the pH. Once all the analytes reach their equilibrium
positions, focused analytes are moved along the capillary and detected by applying an
external hydrodynamic force.42-44
Micellar Electrokinetic Chromatography. This separation method relies on
partitioning of the analytes between the buffer solution and the micelles (also called
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pseudostationary phase) that form part of the separation buffer. Interaction of analytes
with the micelles occurs via hydrophobic, ionic, or hydrogen bond forces. This technique
has been applied to the separation of both neutral and charged compounds. In the case of
neutral compounds, separation is based on partitioning solely, while for charged
compounds, separation is determined by partitioning as well as electrophoretic
mobility.42-44
Capillary Electrochromatography. This technique is considered a hybrid of LC
and CZE, combining the separation efficiency of CZE and the selectivity of LC. Voltage,
rather than pressure, is used as the driving force for the mobile phase, which benefits the
separation efficiency. Like micellar electrokinetic chromatography, the separation
mechanism for neutral compounds is due to analyte partitioning between the mobile
phase and the stationary phase, whereas for charged compounds, an additional parameter
(electrophoretic mobility) must be taken into account. Both packed columns and coated
columns can be used.42-44
Capillary Gel Electrophoresis. This technique is carried out in a capillary filled
with a gel, which may or may not be covalently bound to the capillary. Analytes separate
due to a sieving mechanism. This method is widely applied to the separation of
compounds having very similar charge/size ratio.42-44
Capillary Isotachophoresis. This technique uses a discontinuous buffer system.
The sample is sandwiched between a leading and a terminating electrolyte having higher
and lower mobilities that the analytes, respectively. After voltage is applied, a nonuniform electric field is established in the capillary. Analytes and the leading and
terminating electrolytes start to migrate at different velocities, eventually forming
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focused zones. When equilibrium is reached, all zones move at the same velocity. The
initial concentration of the analyte determines the length of the focused zone.1-3,42-47
Capillary Zone Electrophoresis. This is probably the most commonly used
separation mode in capillary electrophoresis. In this high resolution analytical separation
technique, analytes are separated according to their electrophoretic mobilities when
subjected to the influence of an electric field established in a separation capillary filled
with a buffer solution. CZE employs narrow bore (20-100 µm i.d.) capillaries, which can
be made of Teflon, glass or fused silica. A typical CZE experiment is carried out as
follows. The separation capillary is immersed in two vials (inlet and outlet) containing a
buffer solution. After the capillary is filled with this solution, the inlet vial is replaced by
a sample vial. Following injection of the sample, the inlet vial is placed back, and
voltage is then applied across the column. Analytes migrate along the capillary at
different velocities, which are mainly determined by their charge-to size ratios.42-44 The
net or apparent velocity is given by
νapp = νep + νeo

(1.1)

where, νep is the analyte electrophoretic velocity and νeo is the velocity of the
electroosmotic flow. These two parameters can also be expressed in terms of mobility
values as follows
νapp = μapp × E

(1.2)

μapp = μep + μeo

(1.3)

where μep and μeo represent the analyte electrophoretic mobility and the electroosmotic
flow mobility, respectively. The μeo controls the magnitude of the bulk flow due to the
movement of buffer ions along the capillary in the presence of an electric field, and is
9

primarily determined by the charge density of the surface of the capillary wall. In the
case of fused silica capillaries, this charge is a function of the pH of the buffer solution.
For example, at low pH values (2-3), the silanol (SiOH) groups are protonated and
therefore the surface charge and μeo are negligible. As the pH of the buffer solution is
raised, the silanol groups become ionized, leading to an increase in negative charges on
the capillary wall. This negatively charged surface attracts ions of opposite charge in the
buffer solution, forming two main layers. The first is called the fixed layer, and the
second the mobile layer. It is the movement of this latter layer that gives rise to the
electroosmotic flow.42,43 The electroosmotic mobility is defined as
μeo = εξ/η

(1.4)

where ξ is the zeta potential (potential across the two layers), and ε and η are the
dielectric constant and viscosity of the buffer solution, respectively. The zeta potential is
given by
ξ = 4πδσ/ε

(1.5)

where δ is the thickness of the diffuse double layer and σ is the charge per unit surface
area. Unlike mechanically driven flows, the electroosmotic flow has a flat flow profile.
This means that the velocity of the fluid is constant along the radial axis of the capillary,
which is the main reason for the high separation efficiencies observed in CE. Because
the electroosmotic flow has a great impact on separation, a number of strategies have
been developed to control its magnitude and direction. This will be discussed in Section
1.4.2.
The electrophoretic mobility is an intrinsic property of the analytes and is given by
μep = q/6πr
10

(1.6)

where q is the charge of the analyte and 6πr is its size.
The observed mobility can be calculated from experimental data using the
following equation
μapp = Ld/tm × E

(1.7)

where Ld is the effective length (distance from the inlet end of the capillary to the
detection window), tm is the migration time, and E is the electric field.
The pH, concentration and nature of the buffer solution, the presence of additives or
modifiers (i.e., organic solvents, surfactants, and urea) in the separation buffer, the
material as well as method used to modify the surface of the capillary wall, the applied
separation voltage, the capillary dimensions (internal diameter and length), and the
injection volume and mode (hydrodynamic versus electrokinetic) play major roles in the
quality of the separation. Therefore, all of these parameters should be carefully tailored
when developing a CZE method.42,43
High efficiencies are achieved when analyte adsorption is prevented. Typically, the
use of high or low pH buffers with high ionic strength favors separation when using bare
fused silica capillaries. For coated capillaries, the use of neutral pH buffers is possible.
The inclusion of additives in the buffer solution may alter the mobilities of analytes and
improve solubility. In addition, they may also modify the capillary surface.42,43
As a general trend, high separation voltages and long capillaries with small internal
diameters should provide high separation efficiencies. However, care must be exercised
when applying high voltages to not generate Joule heating (heat produced by high
currents). Joule heating results in temperature gradients along the capillary and bubble
formation, which is detrimental to the separation efficiency.42,43 The volume of sample
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injected is determined by the injection mode employed. For hydrodynamic injection, the
volume is given by
V = Δpd4πt/128ηL

(1.8)

where Δp is the pressure difference across the capillary, d is the capillary inner diameter,
t is the injection time, η is the buffer viscosity, and L is the capillary length.
For electrokinetic injection, the amount of sample injected is given by
Q = [πr2Cs (μep + μeo) Etλb]/λs

(1.9)

where, Q is the amount of sample injected, r is the radius of the capillary, Cs is the
sample concentration, λb is the conductivity of the buffer and λs is the conductivity of the
sample.42,43
Notice that, with this injection mode, the analyte electrophoretic mobility impacts the
volume of sample injected. Therefore, unlike hydrodynamic injection, electrokinetic
injection discriminates according to electrophoretic mobilities. When the sample is
dissolved in a low ionic strength solution such as water, electrokinetic injection is
preferred over hydrodynamic injection, since it typically results in higher separation
efficiencies as a consequence of stacking effects (see Section 1.4.2 for a more detailed
discussion). Injection volumes should be maintained within 0.2% of the capillary volume
to prevent band-broadening due to column overloading.42,43
1.4.2

Capillary Electrophoresis for Protein Analysis

Recently, the application of CE to proteomics research has increased in popularity.
An advantage of CE over traditional 2-DGE methods is that it offers the possibility of
concentrating dilute samples on-column prior to separation. This is attractive for
proteomics, in which high sensitivity is essential. In addition, integration of sample
12

preparation, separation and detection is feasible. The fewer the manipulations required to
process a sample, the less the loss of analyte.33,48
In order to make CE more attractive for real bioanalytical applications, however,
some drawbacks still need to be addressed. One of the most striking drawbacks is the
small allowable sample volume (1-10 nL) that can be injected into the capillary to avoid
band broadening.49 This, coupled with the short path length for optical detection, leads to
poor concentration limits of detection (CLOD). For proteins, CE analysis is usually
limited to the micromolar range when using UV absorption detectors.18 To compensate
for this, different capillary geometries, novel optical designs, and sample
preconcentration methods have been developed.49 The use of more sensitive detectors
such as laser-induced fluorescence is also an alternative for sensitivity enhancement.
Capillary Surface Passivation. In addition to poor CLOD, protein analysis by CE
is also challenged by undesirable analyte adsorption on the surface of the capillary wall.
Nonspecific interactions (i.e., van der Waals, hydrophobic and electrostatic) between
proteins and surfaces always exist. The surface chemistry of fused silica (the most
commonly used material for CE) provides interaction sites, which imposes difficulties
when the analysis of proteins is desired.50 In CE, these interactions alter the zetapotential over the length of the capillary, ultimately leading to band broadening and
irreproducible migration times. Because the magnitude of these interactions is dependent
on the surface characteristics, surface passivation of the separation capillary prior to
protein analysis by CE is of paramount importance.38,51-53 Surface modification of the
capillary walls is also necessary to control the magnitude and direction of the
electroosmotic flow.
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Significant contributions to help solve this problem have been made by several
authors, and various strategies to deal with protein adsorption can be found in the
literature.52-55 One strategy is to work at extreme pH values, where the silanol groups on
the capillary are either ionized or fully protonated. The success of this approach was
demonstrated by Lauer and McManigill.56 Standard proteins (lysozyme, cytochrome c,
ribonuclease A, myoglobin, conalbumin, carbonic anhydrase, ovalbumin and βlactoglobulin) were separated on bare fused silica capillaries. The pH of the separation
buffer was set at values higher than the isoelectric points (pI) of the proteins. CE
separations were carried out at high pH values (8-11). Under these conditions, the
surface of the fused silica capillary bears a negative charge, and since both proteins and
capillary wall are negatively charged, protein adsorption is prevented. For the proteins
analyzed, good separation effieciencies (1 x 106 theoretical plates) were obtained. Silica
dissolution at high pH values and protein instability, however, limit the applicability of
this approach.57,58
Another strategy is to dynamically coat the surface of the capillary with modifiers
(ions, zwitterions, polymers, denaturant agents, etc.) that are added to the running
buffer.51,52,58-61 Constant replenishment of the coating for optimal operation, however, is
required.51 Dynamic coating has been accomplished by the use of poly(vinyl alcohol),52
PEO,59 and polyelectrolyte multilayers.62 The other strategy involves permanent coating
of the surface of the capillary with molecules (generally polymers) that are either
covalently bonded or physically adsorbed to the surface.63-66 Even though this could be
the most effective strategy, coating lifetime is a concern.12,38,58,67 Permanent coating has
been accomplished using polymers such as carbowax 20,58 polyethylene imine,68
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methylcellulose,58 polyethylene glycol,58 dextran,67 maltose,58 linear and cross-linked
polyacrylamide,60,69 poly(vinylpyrrolidone),51 cellulose acetate,70 and successive multiple
ionic polymer layers.71-73
Even though the surface chemistry of silica is well established and understood, there
is not a single coating that will work for all protein analysis. Therefore, the selection of
the coating material and method largely depends on the particular application.
Preconcentration Techniques in CE. Interestingly, in CE, the small capillary
dimensions that provide high efficiency separation (1 x 106 theoretical plates) also limit
the amount of sample that can be injected, as well as the optical path length for detection.
This in turn increases the concentration detection limits attainable, making the analysis of
samples at low concentrations a challenge.74-79
An approach to circumvent poor concentration detection limits in CE is to use a
more sensitive detector, such as electrochemical, mass spectrometry, or laser induced
fluorescence. Laser induced fluorescence, however, still encounters difficulties when
labeling of analytes at low concentrations is needed.
Another approach is to increase the sample loadability by using sophisticated
stacking techniques such as sample stacking, field-amplified stacking and transient
isotachophoresis. The principle behind these focusing methods is based on velocity
changes that analytes experience when subjected to a non-uniform electric field in the
separation capillary, generated as a result of the use of discontinuous buffer systems.
Sample stacking occurs when a sample is dissolved in a solvent (usually water) having a
lower conductivity than the background electrolyte. Analytes in the sample zone
experience a high electric field, due to the low conductivity of this zone, and quickly
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migrate towards the boundary between the sample zone and the background electrolyte
zone, where they slow down due to the low electric field in that region. Optimal stacking
conditions occur when the analyte electrophoretic mobility is greater and in opposite
direction to that of the electroosmotic flow.80,81
Field amplified sample stacking (FASS) is in a way similar to sample stacking
except for, in FASS, analyte separation is performed with a voltage polarity opposite to
that used during the focusing step. FASS enables injection of larger sample volumes than
sample stacking, which favors sensitivity enhancement.80,81
In isotachophoresis, the sample is sandwiched between leading and terminating
electrolytes having larger and lower mobilities than the analyte, respectively. The nature
and concentrations of the leading and terminating electrolytes, as well as the lengths of
the stacking zone have a great impact on preconcentration. After voltage is applied, a
non-uniform electric field is established in the capillary. Analyte, leading and
terminating electrolytes start to migrate at different velocities, forming focused zones.
Once the analytes focus at their equilibrium positions, all bands migrate at the same
velocity. Separation can then be performed either in the same capillary where the
isotachophoresis process takes place or in a different capillary coupled on-line. These
methods are known as transient isotachophoresis (tITP), and coupled-capillary
isotachophoresis (cITP), respectively.45-47,80-82
Another important tool for increasing sensitivity in capillary electrophoresis is pH
junction. The principle behind this technique is based on changes in velocity as well as
migration direction of analytes, as a result of changes in the ionization state of the
analytes induced by a pH discontinuity between the sample zone and the background
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electrolyte.83 This method was first applied by Aebersold and Morrison in 1990 to the
focusing of peptides. Currently, two approaches have been introduced: In one, the
background electrolyte has a pH value below the isoelectric points (pI) of the analytes,
while the sample zone has a pH value above.80 In the other,83 the pH of the background
electrolyte is higher than the pI values of the analytes and the sample zone.84 Wang et
al.84 introduced a method for protein preconcentration by pH junction. Lysozyme,
myoglobin, carbonic anhydrase and α-lactalbumin were preconcentrated using a
discontinuous pH buffer system consisting of tri-propanoate. The approach was extended
to the analysis of tryptic digests. Concentration detection limits for these peptides were
in the nM range.
On-line concentration-CZE separation of proteins has also been accomplished using
polymer solutions. Tseng et al.59 introduced an approach to enrich proteins prior to CZE
using poly(ethylene oxide), PEO, solutions. Protein enrichment was accomplished by
filling the capillary with Tris-borate buffer, pH 10.0, and injecting a long plug of sample,
followed by the same buffer containing 0.6% PEO. The approach was demonstrated for
both protein standards and urine samples.
Discontinuity in salt content as well as organic solvent concentration has also been
used to induce sensitivity enhancement in CE. Shihabi,85 for example, demonstrated that
the presence of both acetonitrile and sodium chloride in the sample matrix aids analyte
stacking. Because of the low solubility of salts in organic solvents, the NaCl ions migrate
away from the acetonitrile, creating zones with different conductivities, which gives rise
to a discontinuous electric field. Peptides and other small molecules were concentrated
using this method. Notice that these methods to increase sample loading are still limited

17

to injection volumes less than the total volume of the capillary (< 1 μL).5,86 In addition,
these methods are problematic when high conductivity matrices are used, since the
focusing mechanism is based on conductivity differences between sample and buffer
zones. Therefore, applicability of these methods is limited to samples with low salt
content. Evidently, when the analysis of samples having high salt concentrations like
biological fluids is desired, a clean-up procedure becomes necessary, and alternative
preconcentration methods must be used.
A powerful method to analyze components at low concentrations in complex
matrices is to preconcentrate the analytes either on-line or off-line prior to separation.
Even though they are more flexible, off-line preconcentration methods have the
disadvantage that sample handling may lead to analyte losses to the exposed surface (e.g.,
vials, tips, and pipets).87 Minimal sample handling can be achieved by the use of on-line
preconcentration methods.86
Much effort has been directed toward the development of on-line sample
preconcentration in CE, and several papers can be found dealing with the
preconcentration of trace components present in human specimens prior to separation.88,89
Since the pioneering work of Guzman, several on-line preconcentration devices for CE
have been designed, in which a solid support (i.e., polymeric or silica based particles) is
either directly positioned in a small section of the electrophoresis capillary78,90-93 or forms
part of an external device that is coupled to the electrophoresis capillary.78,94,95 Clearly,
these devices have higher sample loadabilities than sophisticated sample injection
techniques such as field-amplified stacking and transient isotachophoresis, since the
loading capacity is not limited by the total capillary volume.78
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Preconcentration methods can be classified as non-selective or selective, depending
on the affinity of the solid support for the analytes.88 For selective analyte
preconcentration, on-line immunoaffinity capillary electrophoresis has found widespread
application. In immunoaffinity capillary electrophoresis, specific antibodies bound to the
surface of a porous material (i.e., porous polymer, glass beads, silica beads, membrane, or
the capillary wall itself) are used for the selective concentration of specific
antigens.75,86,89 Following capture, the antigens are eluted with a small plug of an elution
buffer that disrupts the binding affinity. The desorbed antigens are then separated by CE.
Cole and Kennedy96 reported the development of a system for both on-line and off-line
preconcentration of insulin. The system consisted of two columns: a packed column
with a perfused protein G chromatographic support and a coated capillary column for
CZE. For on-line preconcentration-CZE, the two columns were coupled via a flow-gate
interface. The protein G column was first saturated with antibody, and then the antigen
(insulin) was loaded. Antigen and antibody were eluted with a low pH buffer, and
subsequently separated along the CE column.
Dalluge and Sander88 developed a technique termed precolumn affinity capillary
electrophoresis. Monoclonal anti-cardiac troponin I antibodies were covalently
immobilized on 10 μm porous silica particles, and this material was used to pack a 5 mm
long section of a 75 μm i.d. CE capillary column. Analysis of human cardiac troponin I
(cTnI) in serum was demonstrated with this technique.
Another example of immunoaffinity capillary zone electrophoresis was presented by
Guzman,89 who fabricated a preconcentrator for the analysis of immunoreactive
gonadotropin-releasing hormone in serum and urine by capillary electrophoresis coupled
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to mass spectrometry. F(ab)’ fragments of polyclonal antibodies directed against
gonadotropin-releasing hormone were immobilized on controlled-porosity glass beads.
This chromatographic support was then packed inside a fused silica capillary (10 mm x
150 μm i.d.) to form an analyte concentrator chamber, which was then connected to two
separation capillaries via a Teflon sleeve. The system proved to be effective for the
determination of this clinically relevant hormone. Furthermore, coupling of the system to
mass spectrometry lowered the concentration limits of detection to 1 ng/mL.
A number of examples of non-selective preconcentration have been introduced.
Swartz and Merion97 developed a method to preconcentrate pharmaceuticals prior to CE
analysis. Using commercially available concentrator capillaries having 1.0 mm
polymeric reversed-phased beds supported with glass frits, these authors demonstrated
the preconcentration of doxepin and propanolol standards. The approach was then
extended to analysis of urine samples spiked with doxepin. Sensitivity enhancements of
at least 2 orders of magnitude were demonstrated. Hoyt et al.92 reported the fabrication
of an on-line preconcentrator for capillary electrophoresis. In their approach, 1-3 mm
beds packed with borosilicate glass microspheres were placed at the inlet end of the
separation capillary and used for preconcentrating NDA-Gly, a tryptic digest of bovine
cytochrome C, and adrenal medullary cell samples. Strausbauch et al.5 designed a solid
phase extraction-CE system for on-line concentration-CZE separation of peptides. C8 or
C18 cartridges were connected in-line with fused silica capillary columns via a
polyethylene sleeve. In addition to the formation of bubbles, a major disadvantage of
these designs is the increased backpressure generated by the use of frits, which disrupts
the electroosmotic flow (EOF) and eventually induces blockage of the capillary.
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To alleviate issues associated with the use of frits, a variety of strategies have been
adopted. One approach involves the use of a magnet instead of frits to hold the solid
packing in place. Rashkovetsky et al.91 used commercially available CE preconcentrator
capillaries consisting of a 2-3 mm plug of magnetic beads having immobilized antibodies
raised against mouse monoclonal antibodies. The beads were kept in place by an external
magnet. The technique was applied to preconcentration and enzymatic assays. An
advantage of this design is that the chromatographic support can be disposed of after each
analysis, which prevents cross-contamination.
Another approach is to replace the solid phase preconcentrator by an open tubular
preconcentrator. Cai and El Rassi,95 for instance, connected a fused-silica capillary
bearing iminodiacetic acid metal chelating functionality to a CE capillary column by
means of a polytetrafluoroethylene (PTFE) tube. Using this system, the CLOD of bovine
carbonic anhydrase was lowered at least 25 times. The main problem with this approach
is the low binding capacity of the preconcentrator as a result of the low accessible surface
area, which diminishes the preconcentration factors attainable. In an effort to overcome
this limitation, the use of a bundle of capillaries has been proposed. Guzman,94 for
example, investigated two different analyte preconcentrator designs: an array of multiple
capillaries and a glass rod with multiple pass-through holes. Anti-IgE antibodies were
immobilized on the walls, and this cartridge was coupled to a CE separation capillary.
Ease of fabrication, reproducibility of EOF, and improved stability were among the
advantages offered by the second design.
Polymeric materials have also been proposed as absorptive phases. Several groups
have reported the use of membranes for preconcentration in CE.41,86,98,99 This technique
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is termed “on-line membrane preconcentration-CE”, and it is based on the use of a
polymeric membrane that is sandwiched in between two capillaries. Rohde et al.98
inserted a small membrane plug into a PTEF tube, to which two pieces of fused silica
capillary were subsequently attached. This system was further connected to a CE
separation capillary. Membrane materials with an ample range of functionalities (cationexchange, R-SO3H; and hydrophobic, C2, C8, C18, and styrene divinyl benzene) were
evaluated for on-line preconcentration-CE separation of standard proteins. A limitation
to this approach is the need to couple the preconcentrator and separation capillaries. An
advantage, however, is that because the preconcentrator capillary can be separated from
the separation capillary during sample loading, there is more flexibility in buffer
selection. In addition, buffer and sample introduction becomes easy. Another added
advantage is the wide variety of functional groups available in polymers, which amplifies
the range of applications for this type of preconcentrator.
Guzman90 described an improved analyte preconcentrator for capillary
electrophoresis. The design consisted of a cruciform configuration, connecting four
capillaries: two of which (large bore) were used for sample preconcentration, and the
other two (small bore) for CZE. Controlled porosity glass beads having specific
antibodies attached were positioned inside the small cavity of the cruciform and kept in
place by membranes located on all four sides of the cruciform. By operating the
separation and concentration capillaries independently, contamination of the separation
capillary wall during sample preconcentration was avoided. This resulted in systems
with increased lifetime, which is the main advantage of this design.
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Hollow fibers have also been used as a means of signal enhancement in capillary
electrophoresis. Zhang and Hjertén100 proposed a method for concentrating proteins
using hollow fibers. In this approach, concentration takes place as water molecules
evaporate out of the fiber. Different mechanisms were explored to concentrate analytes.
Phycoerythrin samples, as well as β-lactoglobulin A and B, α-lactalbumin and
hemoglobin Ao (HB) were successfully preconcentrated using this technique. The
approach was also applied to the enrichment of low molecular weight compounds such as
K2CrO4. This technique proved to be very effective for performing protein
preconcentration, as well as for removing salts from the sample matrix. A potential
limitation of this approach is that it still requires significant manual handling. In
addition, the risk of contamination during sample handling is a concern.
Wu et al.101 investigated the on-line coupling of hollow fibers to capillary
electrophoresis for protein preconcentration. In their set up, a semipermeable hollow
fiber was integrated with an untreated fused silica capillary column. Cytochrome c,
lysozyme, ribonuclease A and α-chymotrypsinogen A were used as model proteins to
evaluate the system. Small ions passed through the fiber, while proteins preconcentrated
at the fiber when an electric field was applied between the inlet end of the capillary and
the hollow fiber. Separation was achieved when the applied electric field was between
the fiber and the other end of the capillary. Up to 1000-fold preconcentration factors
were attained with this method, but this preconcentration method discriminates according
to electrophoretic mobilities. High electrophoretic mobility proteins concentrate more at
the fiber than low electrophoretic mobility ones.
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A unique approach for protein preconcentration that does not rely on
chromatographic principles, but rather on an electric field was introduced by Wei and
Yeung.102 In their approach, a 0.5-1 cm conductive porous region was generated on a
bare fused silica capillary (40 cm x 75 μm i.d.) 10 cm away from the inlet end by etching
with hydrofluoric acid. This region allowed the passage of ions and small molecules, but
not proteins. In the presence of an electric field generated by applying a voltage between
the inlet end of the capillary and the porous region, proteins moved along the capillary,
and accumulated at this junction. When the voltage was switched between the junction
and the other end of the capillary, concentrated proteins were separated along the
remaining 30 cm of the capillary and detected by UV.
In a more recent application, Yang et al.103 presented a novel method for protein
preconcentration in CE using porous membranes. A cellulose acetate-based porous
membrane located at the inlet end of a bare fused silica capillary served as a size
exclusion support for protein enrichment. Sample was electrokinetically loaded. Owing
to a size exclusion mechanism, proteins were retained and preconcentrated in the
membrane, while small ions passed through. By switching the polarity of the applied
voltage, trapped proteins were separated by CZE. Preconcentration of bovine serum
albumin and ovalbumin was demonstrated. An advantage of this design is that
preconcentration and separation take place in a single capillary. A disadvantage,
however, is that the lifetime of this system is limited by protein adsorption at the capillary
wall since surface deactivation was not performed.
More recently, the potential of methacrylate based monoliths for on-line
preconcentration in capillary electrophoresis has been demonstrated by several
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authors.93,104-108 The nature of monoliths is a subject that will be discussed later in Section
1.7.1. Using UV initiated polymerization, Baryla and Toltl93 prepared a 1 cm
methacrylate monolith at the inlet end of a capillary column. On-line sample enrichmentCZE separation of standard propanolol was demonstrated with this system, and the
detection limits were in the nanomolar range. Hilder et al.104 reported the use of
methacrylate monoliths for preconcentration and CE separation of antidepressant drugs.
Hutchinson et al.105 synthesized porous butyl methacrylate-co-ethylene glycol
dimethacrylate-co-2-acryloylamido-2-methyl propane sulfonic acid (BuMA-co-EDMAco-AMPS) monoliths inside 250 μm capillaries. After coating of the monolith with 65
nm quaternary ammonium latex particles, the monolithic capillary was connected to a
separation capillary coated with either a cationic polymer or cationic latex particles. The
coated monolith was used for preconcentration and CE separation of ions. Using
photoinitiated polymerization, Lee’s group106 prepared a poly(glycidyl methacrylate-cotrimethylolpropane trimethacrylate) monolith inside the inlet end of a polybrene coated
capillary. Protein G was then covalently bonded onto this monolith. The system proved
effective for on-line sample extraction, clean-up, preconcentration, and CE of IgG in
human serum. IgG from diluted (500 and 65,000 times) human serum samples was
analyzed using this system.
In spite of the effort that has been devoted to the development of on-line
preconcentrators for protein analysis by CE, no device proposed so far can be considered
ideal. Therefore, innovative designs must be found to overcome the limitations of
previously reported preconcentrators. The design, characterization and evaluation of online monolithic preconcentrator-CE systems for the enrichment and separation of low
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abundance proteins is emphasized in this dissertation. Such a preconcentrator could have
a tremendous potential for biomarker discovery.
1.5

Affinity Chromatography in Proteomics
Affinity chromatography is a technique in which separation occurs as a consequence

of specific interactions between immobilized receptors and target analytes. Affinity
chromatography combined with mass spectrometry has been used for performing studies
involving protein-protein interaction, concentrating peptides, exploring posttranslational
modifications, and performing quantitative analysis of proteins via isotope coded affinity
tags (ICAT). Affinity chromatography has also served as a sample preparation tool
before 2-DGE and CZE. The reader is referred to Sections 1.2 and 1.4.2 for some
applications utilizing these latter techniques.109-110
When the immobilized receptor is an antibody, the technique is referred to as
immunoaffinity chromatography. An antibody is a glycoprotein generated in response to
an antigen. Antibodies belong to the family of immunoglobulins. IgG antibodies, for
example, consist of four polypeptide domains (two of which are called heavy chains, and
the other two are called light chains) connected together via disulfide bonds in a Y or Tshaped configuration. The heavy chains contain a constant amino acid composition,
whereas the light chains contain a variable region which is responsible for antigen
recognition. An IgG molecule should, in theory, be able to bind two antigen molecules.
Two types of antibodies have been produced, namely, polyclonal and monoclonal
antibodies. Polyclonal antibodies are generated by animals in response to immunization
with foreign agents. These antibodies are heterogeneous in nature and, as a consequence,
bind antigens with different strengths. Monoclonal antibodies, on the contrary, are raised
26

in the laboratory by a single clone of cells. These antibodies are more attractive since
they do not require the use of animals and have more consistent properties. Both,
polyclonal and monoclonal antibodies have been employed to prepare immunoaffinity
supports.109-110
Some parameters that must be controlled when developing immunoaffinity supports
include the properties of the chromatographic support, the amount of antibody linked to
it, and the percentage of antibody that remains active after coupling to the support.
Desirable chromatographic supports should be chemically as well as mechanically stable,
and should have a high porosity. The amount of immobilized antibody can be controlled
by optimizing the coupling reaction conditions. The pH of the reaction media, the
presence of salts or other additives as well as the temperature and reaction time are
important parameters to control. Adequate reaction conditions include the use of aqueous
media (pH 4-9, depending on the pI of the affinity molecule to be immobilized), 4-25 °C
and up to 16 h reaction time.111 The percentage of active immobilized antibody is what
ultimately determines the efficiency of the affinity support, and it is affected by multi-site
attachment, random orientation and steric hindrance. The chemistry involved during the
coupling process largely influences the antibody activity.
Covalent bonding of the affinity ligand may be accomplished by reacting the free
amine groups of the ligand with epoxy or aldehyde groups present on the surface of the
support. Free amine groups in the ligand can also be reacted with N,N-carbonyl
diimidazole, cyanogen bromide, N-hydroxysuccinimide and tresyl chloride/tosyl chloride
activated supports. With this strategy, random orientation of the affinity ligand, however,
results. This is somewhat undesirable since the accessibility of the binding site may be
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affected, leading to a lower binding capacity than theoretically predicted. To avoid this,
oriented immobilization has been proposed.109,110
One way to accomplish oriented immobilization is to use the F(ab)’ fragments of the
antibody produced in a controlled reaction such as digestion with papain or pepsin
enzymes. (Fab)’ fragments are produced upon digestion of the antibody with papain,
whereas (Fab)2’ fragments are generated when pepsin is used. These fragments provide
one or two binding sites, respectively. An alternative method involves the use of
intermediate molecules such as protein G, protein A, or avidin. Protein G and protein A
specifically bind the Fc region of IgG, leaving the two binding sites available for antigen
recognition.109
The ultimate goal is to obtain high performance immunoaffinity supports with high
binding capacity and specificity toward the target analyte. Because of their high porosity
and low flow resistance, monoliths have been employed as sorbents for the preparation of
immunoaffinity supports.109,110 This will be discussed in Section 1.7.2.
1.6

Enzymatic Assays for Protein Identification
Enzymatic digestion is a fundamental tool in proteomics. One of the most reliable

methods for the identification of proteins and the determination of posttranslational
modifications is protein digestion, followed by peptide mapping by either matrix assisted
laser desorption ionization (MALDI) or electrospray ionization (ESI) MS of the resulting
peptide mixture. The peptide map generated is unique for each protein and allows
unambiguous assignment through searching of existing databases in many cases.86,112,113
Conventional enzymatic digestions are carried out in solution, where the enzyme and
the substrate are mixed in appropriate ratios and maintained at optimum pH and
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temperature. The use of enzymes in solution, however, results in autodigestion,
complicating the fragmented pattern. Unwanted autodigestion can be eliminated by the
use of enzymes immobilized on a solid support. Immobilized enzymes are more resistant
to inhibitors, as well as to unfolding of their native structure. Consequently, immobilized
enzymes are more stable and retain their catalytic activities over longer periods of time
than free enzymes. In addition to leading to more reproducible hydrolysis, immobilized
enzymes are suitable for the analysis of small amounts of substrate solutions, which is
often the case for biological fluids.112,113
Immobilization of an enzyme can only occur on surfaces that are accessible to the
enzyme and that will not hinder access of the substrate to active sites. Obviously, the
larger the surface area of the support, the more enzyme can be immobilized.
Accordingly, porous supports are favored. Several methods of immobilizing enzymes
have been reported. Among these methods, enzyme immobilization through a biotinavidin couple affords very strong noncovalent bonding of an enzyme to a support.
Two values, the Michaelis constant (Km) and maximum velocity (Vmax), characterize
the activity of an enzyme. Km represents the substrate concentration required to give a
reaction velocity that is half its maximum value. The contact time of the substrate with
the immobilized enzyme, the substrate concentration, and the pH and temperature of the
reaction are some parameters that can be tailored to achieve maximum protein digestion.
Trypsin, with its unique property of hydrolyzing selectively at the C-terminal sites of
lysine and arginine residues, generates relatively simple tryptic digests. Consequently,
trypsin has been the proteolytic enzyme of choice for many applications.113
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Over the years, enzymatic hydrolysis has proven to be a powerful technique for the
identification and characterization of proteins. Therefore, it is not surprising that the
number of publications on this type of reaction continues to increase.112,113
Currently, various strategies to overcome some of the limitations of peptide mass
mapping, such as manual sample handling steps and extended reaction times for
proteolytic digestion have been developed. Typical approaches include miniaturization
of the enzymatic reactor to increase reaction kinetics, and the coupling of the reactor to
separation techniques and MALDI or ESIMS.112-113
Evidently, as the demand for high-resolution bioanalytical tools capable of
performing rapid identification and quantification of protein analytes in complex
mixtures continues to grow, the search for innovative enzyme reactors integrated on-line
with concentration and separation techniques as well as mass spectrometric detection
becomes essential. This integrated analytical platform would clearly provide automated
sample handling, enhanced detection sentitivity and dynamic range, which are
particularly attractive for the analysis of complex protein mixtures, such as plasma.
1.7

Porous Monoliths and Their Application to Proteomics

1.7.1

Monolith Generalities

A versatile chromatographic support termed a monolith was first introduced in 1989
by Hjertén et al.114 A monolith is a continuous rod with canal-like large through-pores
and nanometer-sized pores in the skeletal structure.114 These supports are cast within the
confines of a microchannel, capillary or tube that has been filled with a mixture of
monomers. Two kinds of monoliths have been introduced to date, namely silica based
monoliths and polymer based monoliths.115
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Silica monoliths are prepared by gelation of a sol solution.116 Compared to silicabased monoliths, polymer monoliths are stable over a wider range of pH values.117
Polyacrylamide, polystyrene, and polymethylacrylate-based monoliths have been
introduced. Polymer monoliths118,119 are typically prepared by in situ polymerization of
solutions composed of a monomer, crosslinker, porogen, and initiator. Polymerization
can be initiated by a redox system or by a free radical initiator. For the latter,
decomposition of the initiator can be induced either thermally or by UV light. UV
photoinitiated polymerization can be faster than thermally induced polymerization, and it
permits facile control of the length and shape of the monolith through the use of a
suitable mask.
To be useful as a porogen, an organic solvent must meet some requirements. For
example, it must dissolve the monomers, cross linker and initiator so that a transparent
monolithic precursor solution can be prepared. In addition, it must be UV transparent if
photoinitiated polymerization is to be used. Basically, the mechanism for monolith
formation involves a phase separation. At the initial state of polymerization, polymer
chains begin to form. As polymerization proceeds, the polymer chains continue to grow
and become insoluble, forming porous solid structures. Upon completion of the
polymerization process, porogens and unreacted monomers are washed away, leaving
behind the pores.120
The highly porous structures of monolithic columns give them high mechanical
strength, low flow resistance and high rates of mass transfer. Diffusion in monoliths is
much faster than in conventional supports and is no longer a limiting factor for analyte
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interaction. Consequently, the use of high flow rates is possible. Rapid separations are
the result.115,116,120,121
An attractive feature that makes monoliths amenable as chromatographic supports is
that no frits are required, since the monolith rods are directly synthesized within the
column.119 Another characteristic is that the pore size distribution (macropore, mesopore
and micropore) can be easily controlled by manipulating the reaction conditions (reaction
time and temperature, nature of the radical initiator, nature of the porogen, and monomer
to porogen ratio).115 This is important in immunoaffinity chromatographic applications
where careful control of the pore size is desirable, since it determines the surface area of
the sorbent accessible for immobilization of the affinity ligands. Small pore sizes provide
high surface areas, but steric hindrance may result. Large pore sizes offer better ligand
accessibility, but afford smaller surface areas. Therefore, a compromise must be
found.115
Because of the flexibility in monomer choice, as well as surface functionalization
methods available (copolymerization with a functional monomer, post-modification of a
reactive monolith, and grafting) monoliths with a variety of surface chemistries can be
prepared.122,123 This extends the applicability of these chromatographic supports to
basically any chromatographic separation mode (e.g., normal phase, reversed phase, ion
exchange, affinity, and capillary electrochromatography).
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1.7.2

Monolith Application to Proteomics

This fascinating chromatographic support has found widespread application in
protein analysis. Monoliths have been used for protein separation, digestion, and
preconcentration. Both capillary and microchip formats have been explored.
The potential of monoliths as stationary phases for biochromatography has been
extensively demonstrated. Glycidyl methacrylate (GMA) based monoliths have been
typically used as chromatographic support for affinity separations. Luo et al.123 thermally
polymerized glycidyl methacrylate-co-ethylenedimethacrylate (GMA-co-EDMA)
monoliths inside chromatographic columns. Protein A or L-histidine was subsequently
reacted on these monoliths. The columns were evaluated for affinity chromatography of
IgG from human serum. In another application, Pan124 prepared GMA-based monoliths
within the confines of chromatographic columns. Following immobilization of protein
A, the columns were used for liquid chromatography (LC) affinity purification of human
IgG. Bedair and El Rassi125 fabricated affinity monolithic capillary columns for isolation
of mannose-binding proteins by nano-LC and CEC. Two types of monoliths were
prepared: a GMA-co-EDMA based monolith for nano-LC and a GMA-co-EDMA-co-[2(methacryloyloxy)ethyl]trimethyl ammonium chloride monolith for CEC. Conjugation
of mannan to the epoxy group of glycidyl methacrylate based monoliths was
accomplished using different methods. The monoliths showed strong affinity toward
mannose-binding proteins. In-situ polymerization, rather than covalent attachment to a
reactive monolith, of the affinity ligand is an alternative to preparing affinity monoliths.
In this approach, the affinity ligand is linked to one of the monomers, after which
polymerization is induced. Incorporation of the affinity ligand prior to polymerization
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generates affinity supports with higher binding capacity than those obtained using
conventional methods for ligand immobilization. Several authors have adopted this
strategy. Hahn et al.,126 for example, developed a method to covalently link a small
peptide, having affinity to lysozyme, to glycidyl methacrylate. The modified monomer
was then copolymerized with ethylene dimethacrylate, forming an affinity monolith.
Improved binding capacities were achieved using this method.
Monolithic disks have also been applied to affinity chromatography.127-129
Tennikova’s group combined in series several affinity GMA-co-EDMA based monolithic
disks inside a cartridge. The system was used to simultaneously purify different
polyclonal antibodies from rabbit serum.
Typically, monoliths have been applied to the separation of proteins using various
chromatographic modes. Gu et al.130 prepared a novel protein-compatible monolith
[poly(polyethylene glycol methyl ether acrylate-co-polyethylene glycol diacrylate)] by
UV initiated polymerization for use in alternative applications where inert materials are
required. The monolith proved to be effective for size-exclusion separation of peptides,
and it resisted protein adsorption as evidenced by protein recovery tests.
The applicability of polymer monoliths as supports for rapid enzymatic conversion
has currently been shown by several authors. The fabrication of monolithic enzymatic
microreactors in capillary and microdevices has been reported. Peterson et al.131 prepared
a 25 mm long poly(butyl methacrylate-co-ethylene dimethacrylate) monolith inside a 50
μm i.d. capillary having a 9-12 μm pulled tip for coupling to mass spectrometry. Using
photografting, a 20 mm section of this monolith was modified with poly(2-vinyl-4,4dimethylazlactone) for subsequent attachment of trypsin. This resulted in a device
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containing two different functionalities for simultaneous preconcentration and digestion.
The function of this device was demonstrated using a myoglobin solution. The use of
photografting techniques permits controlled functionalization of monoliths with
appropriate chemistries. This is indeed beneficial for the fabrication of “lab on a chip”,
miniaturized systems that incorporate sample preparation (clean-up, enrichment, and
chemical reactions), separation and detection is a single device.122
More recently, the use of methacrylate-based monoliths in capillary electrophoresis
for selective and non-selective on-line preconcentration has been demonstrated by several
authors93,104-108 (see Section 1.4.2. for a more detailed discussion). Preconcentration has
been introduced in microchips. For example, Svec’s and Fréchet’s group132 fabricated an
on-chip solid-phase extraction and preconcentration device. Both hydrophobic
(butylmethacrylate-co-ethylene dimethacrylate) and anion exchange (2-hydroxyethyl
methacrylate-co-[2-(methacryloyloxy)ethyl]trimethylammonium chloride-co-ethylene
dimethacrylate) monoliths were prepared by photoinitiated polymerization within the
confines of a microfluidic device. Applicability of this device to on-line preconcentration
was evaluated using standard solutions of Coumarin 519 and green fluorescent protein.
1.8

Detection Techniques
The most frequently used methods for detection of proteins following separation by

CE are UV absorbance, LIF and MS. Other less common detection techniques include
amperometric and chemiluminescence.133,134
UV absorbance is by far the most popular detection method, since no derivatization
is required. It is simple, and it can be performed on-column. Detection is typically
performed at 214 nm, although 254 and 280 nm can also be used. A major limitation of
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UV absorbance is the relatively poor concentration detection limits (mM to μM).
Detection cells, such as Z-shape and bubble shape, with increased path length have been
developed to address this issue. However, these novel designs compromise analyte
resolution. For applications in which high sensitivity is needed, LIF is preferred.
Nevertheless, the need for a derivatization step, either pre-column, on-column, or postcolumn, imposes additional complexity in the analysis. In addition, derivatization of
analytes at low concentrations is challenging. Native fluorescence detection relies on the
fluorescence properties of aromatic groups such as tryptophan and tyrosine amino acids
in peptides and proteins. Both one photon and two photon native fluorescence detection
techniques have been developed. MS is the detection method of choice when both
sensitivity and structural information are desired.133,134
1.9

Capillary Electrophoresis-Mass Spectrometry in Proteomics
The high separation efficiency, rapid analysis time and low sample and buffer

consumption characteristics of CE, in combination with the high sensitivity and structural
information afforded with MS, make CE-MS an attractive technology for
proteomics.135,136 Numerous reports involving the application of CE-MS to the analysis
of biopolymers can be found in the literature.
A challenge with coupling CE to MS is to conserve the separation quality attained
with CE.135 It is evident that the ionization method as well as the interface design are
essential to success.135,137-140
Currently, the electrospray ionization source appears to be the most appropriate for
on-line CE-MS. In electrospray ionization, ions are directly produced from a liquid
phase. Basically, the ionization process involves the spraying of an analyte solution from
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a needle tip to form charged droplets. Under the influence of an electric field, these
charged droplets then undergo shrinking by solvent evaporation to form pseudomolecular
ions, which are further evaporated and sampled into vacuum to produce an ion beam.141
Requirements of any CE-MS interface include compatibility with the low flow rates
characteristic of CE and absence of induced pressure driven flow. A concern when
coupling CE to MS is the volatility of the separation buffer. The use of volatile buffers
such as ammonium acetate and formic acid is preferred to avoid issues regarding ion
suppression, although applications involving the use of non-volatile buffers have been
reported, especially for liquid sheath interfaces. Two types of interfaces (sheathless and
liquid sheath) have been described.140
In the sheath flow interface, a low flow of liquid (1-5 μL/min), the purpose of which
is to generate electrical contact with the CE effluent and facilitate electrospraying of
buffers, is introduced along the CE capillary. The liquid sheath is typically composed of
organic solvents such as methanol and organic acids such as formic and acetic acid. A
drawback of this strategy is that because the method is based on the introduction of an
additional flow, sensitivity is sacrificed. Also, chemical noise due to the concomitant
introduction of charged species from the liquid sheath is unavoidable. Consequently,
interest in the development of interfaces (sheathless) that do not rely on the introduction
of an additional liquid continues to grow.137
The key factor in designing a sheathless interface is to create electrical contact of the
CE capillary with the ESI tip. Methods have been developed for coupling CE to MS via
sheathless interfaces. Electrical contact has been accomplished by coating the end of the
separation capillary with a conductive material such as gold. Etching of a portion of the
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CE capillary with HF offers an alternative to creating electrical contact. Currently, the
sheathless interface is the most efficient interface, since analyte dilution does not occur.
Better sensitivity is the result. Additionally, the flow rates (nL/min) are compatible with
those in CE. Nevertheless, flexibility in the choice of the CE buffer electrolyte is less
with this interface.137 In addition, these interfaces might be more difficult to prepare as
compared to liquid sheath interfaces.135,138,140-142
It is interesting, however, that even with the low detection limits attainable with MS
(i.e., picograms to femtograms), CE-MS still suffers from poor concentration limits of
detection (μM). One of the main reasons for this limitation is the low sample injection
volumes (nL) associated with CE. This has hampered the applicability of CE-MS to the
analysis of biological samples. A solution to this problem is to incorporate a
preconcentration step prior to CE-MS.76,133,134,141,142 This approach has been described by
several authors. When a selective preconcentration technique is coupled on-line to CE
and hyphenated to MS, a very powerful multidimensional technique is created. Janini et
al.134 developed an on-line integrated membrane solid-phase extraction-CE-MS for the
analysis of standard peptides and protein digests. Coupling was accomplished via a
sheathless interface, which was prepared by etching a small section of the CE capillary
with HF acid to create a porous junction for electrical contact. The spray tip formed part
of the CE capillary, and it was created by reducing the external diameter of the capillary
either by etching the end part of the capillary with HF or by heating the end of the
capillary while pulling. Concentration limits of detection were lowered to the nM range.
Tomlinson and Naylor87 combined membrane preconcentration-CE-MS for applications
involving peptide analysis. When a transient isotachophoresis step was incorporated after
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peptide elution, remarkably high separation efficiencies (106 theoretical plates) were
achieved. A common characteristic of these on-line preconcentration-CE-MS approaches
is that contamination of the ESI-MS interface is avoided due to simultaneous sample
clean-up during preconcentration.
1.10 Modern Trends in Proteomics
A present trend in proteomics is to probe the differential expression of proteins. To
accomplish this, miniaturization of the analytical system and integration of sample
processing is critical. A striking advantage of miniaturization is enhanced sample
throughput. Microfluidics interfaced with MS are currently being applied to proteins by
several groups. “Lab on a chip” miniaturized systems that incorporate sample
preparation (i.e., clean-up, enrichment, and chemical reactions), separation and detection
in a single device, are continuously gaining interest in the area of proteomics research.
Microfluidics offer the possibility for multitask processes ranging from cell lysing to
enzymatic digestion and peptide labeling followed by separation and LIF or MS
detection.143,144
Various sample preparation and concentration techniques have been incorporated in
microdevices. Basically, all existing electrophoretic methods have already been
downscaled to microchips, and several two-dimensional separations have been
accomplished in this format. Hyphenation of microchips with MS is still in its infancy,
with many improvements in interface designs to be made. Surprisingly, sample
preparation is probably the most neglected step in microfluidics. It is a fact that any
success in proteomics research will largely depend on innovative advances in separation
science.143,144
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As mentioned, sample preparation is lagging behind in microfluidics, and remains
the major hurdle to fully miniaturize the complete proteomics platform.143,144 There is
clearly a need for implementation of versatile sample preparation and concentration
methods in microdevices.
1.11 Dissertation Overview
Chapters 2 and 3 present my progress on the design and evaluation of
preconcentration systems for capillary zone electrophoresis using polymer methacrylate
based monoliths. Application of these systems to the analysis of proteins in complex
samples such as human serum is demonstrated.
Chapter 2 is devoted to the development of a coupled monolithic preconcentratorcapillary zone electrophoresis system for the extraction of immunoglobulin G from
human serum. Protein G was covalently bound to a glycidyl methacrylate monolith
synthesized at the inlet end of a surface modified fused silica capillary column. The
effectiveness of the system to rapidly extract and concentrate immunoglobulin G from
diluted (65,000 times) human serum samples is demonstrated.
Chapter 3 describes the design of a coupled affinity-hydrophobic monolithic column
for on-line removal of IgG, preconcentration of low abundance proteins, and separation
by capillary zone electrophoresis.
Chapter 4 presents the fabrication of polymeric monolithic columns coated with
polyelectrolyte layers for protein analysis. Polymer monoliths were prepared by in situ
polymerization of methacrylate monomers. The monoliths were coated with a water
soluble polymer, yielding quaternary ammonium functionality on the surface. Analysis
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of standard proteins by ion exchange LC and CEC is demonstrated. Chapter 5 is a
recompilation of recommendations for future work.
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2

DESIGN AND EVALUATION OF A COUPLED MONOLITHIC

PRECONCENTRATOR-CAPILLARY ZONE ELECTROPHORESIS SYSTEM
FOR THE EXTRACTION OF IgG FROM HUMAN SERUM
2.1

Introduction
The analysis of proteins in biological fluids by capillary electrophoresis (CE) is of

interest in clinical chemistry.1 However, poor concentration limit of detection is the
major drawback of CZE that limits its applicability to the analysis of trace components.2-5
The combination of preconcentration methods on-line with CZE should provide a
powerful analytical tool for the analysis of low abundance proteins.6-21 An on-line
preconcentration-CE method that can selectively preconcentrate any protein for which an
antibody is available would be very useful for the analysis of low abundance proteins and
would establish CE as a major tool in biomarker discovery.20-23 To accomplish this, an
on-line protein G monolithic preconcentration-CZE system for enrichment and separation
of proteins was developed and characterized. The new system exploits the properties of
monoliths24-27 as preconcentration devices before CZE separation.
To generate active groups for protein immobilization, glycidyl methacrylate (GMA)
was used to prepare polymer monoliths. A 1.5-2 cm monolith was cast inside a 75 µm
i.d. fused silica capillary that had previously been coated with alternating layers of
negatively (dextran) and positively (polybrene) charged polymers. Protein G was
covalently bound to GMA. Monoliths from different formulations were prepared and
evaluated for binding capacity to optimize the monolith formulation for protein
preconcentration. The physical properties of the column considered best for
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preconcentration were determined by mercury intrusion porosimetry. The total pore area
was 4.8 m2/g, the average pore diameter was 3.3 µm and the porosity was 82%. The
monolith had a low flow resistance and was macroscopically homogeneous. The
effectiveness of the monolith to rapidly preconcentrate proteins at flow rates as high as 10
µL/min was demonstrated using a 1.8 µM IgG solution. This system proved effective for
on-line sample extraction, clean-up, preconcentration, and CE of IgG in human serum.
IgG from diluted (500 and 65,000 times) human serum samples was successfully
analyzed using this system. The approach can be applied to the on-line preconcentration
and analysis of any protein for which an antibody is available.
2.2

Experimental

2.2.1

Chemicals

Anhydrous methanol, acetone and hexanes were purchased from Mallinckrodt
Chemicals (Phillipsburg, NJ, USA). Cyclohexanol was from Fisher Scientific (Fair
Lawn, NJ, USA). Formic acid was from Anachemia Canada (Montréal, Canada).
Dextran sulfate sodium salt, hexadimethrin bromide (polybrene), GMA 97%, 3(trimethoxysilyl)propyl methacrylate (γ-MPTS), trimethylolpropane trimethacrylate
(TRIM) and 2,2-dimethoxy-2-phenylacetophenone (DMPA) 99% were supplied by
Sigma-Aldrich (Milwaukee, WI, USA). Ammonium formate and phosphate buffered
saline (PBS) 10X solution (pH 7.4 ± 0.1) were also supplied by Fisher Scientific.
Sodium carbonate monohydrate and sodium bicarbonate were from EM Science
(Darmstadt, Germany). Protein G, recombinant E. coli, and human immunoglobulin G
(IgG) were purchased from Calbiochem (La Jolla, CA, USA). Buffer solutions were
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prepared with deionized water from a Millipore water purifier (Molsheim, France) and
filtered through a 0.22 µm filter.
2.2.2

Capillary zone electrophoresis

Fused silica capillary tubing with 75 µm i.d. and 365 µm o.d. was obtained from
Polymicro Technologies (Phoenix, AZ, USA). Capillary electrophoresis (CE)
experiments were performed with a Crystal CE 300 system (ATI, Madison, WI, USA)
equipped with an online Crystal 100 variable wavelength UV-Vis absorbance detector
and a Chrom Perfect software work station (Mountain View, CA) for data collection and
treatment. On-column UV detection was performed at 214 nm. Electropherograms were
converted to a CP Tab delimited raw file with RT and redrawn using Microsoft Excel
(Redmond, WA, USA).
2.2.3

Monolithic preconcentrator design and evaluation

Capillary surface deactivation. Capillary surface deactivation was accomplished
by depositing alternating thin films of physically adsorbed negatively (dextran) and
positively (polybrene) charged polymers. A methodology similar to that described by
Katayama and co-workers28 with some modifications was applied. Briefly, using a
syringe pump (Model 11, Harvard Apparatus, Holliston, MA, USA) with a 1 mL plastic
syringe fitted with a stainless steel needle, a 75 µm i.d. fused silica capillary was washed
consecutively with acetone, deionized water, 0.2 M HCl, deionized water, 0.2 M NaOH
and deionized water for 30 min each at 10 µL/min. The capillary was then rinsed with a
10% polybrene solution at 5 µL/min for 30 min and allowed to sit for 15 min. Next, the
capillary was washed with a 6% dextran solution at 5 µL/min for 30 min and left for 15
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min. Finally, the capillary was rinsed again with 10% polybrene solution at 5 µL/min for
30 min and left for 1 h. Non-adsorbed polymer was washed away with H2O.
Preparation of polymer monoliths. The surface deactivated capillary was dried
using a stream of nitrogen for 1 h. At 5 cm from the inlet end, a 2 cm length of the
capillary was etched with concentrated sulfuric acid to remove the outer polyimide
coating to generate a UV transparent window for polymerization of the monolith. The
monomer mixture was prepared in a 1 dram (4 mL) glass vial by admixing in sequence
DMPA (initiator), TRIM (cross-linker), GMA (monomer) and cyclohexanol, methanol
and hexane (porogens), and ultrasonicating for 5 min before use. This monomer solution
was introduced into the capillary by the use of capillary action. Polymerization in the UV
transparent region of the capillary was induced using a Dymax 5000 AS UV curing lamp
(Torrington, CT, USA). The UV curing lamp can produce an irradiation intensity of 200
mW/cm2 in the wavelength range of 320-390 nm. The irradiation time was varied from
8-15 min. Unreacted monomer and porogens were flushed out of the capillary by rinsing
with 1 mL of methanol. More details on the composition of the reagent solution for
various monoliths used in this study for protein preconcentration are provided in Section
2.3.1.
Immobilization of protein G on polymer monoliths. Protein G was immobilized
on GMA monolithic columns following a procedure similar to that described by
Tennikova.29 Briefly, using a syringe pump (Model 11, Harvard Apparatus, Holliston,
MA, USA) with a 1 mL plastic syringe fitted with a stainless steel needle, the monolithic
capillary column was washed consecutively with ethanol, ethanol-H2O (1:1), H2O and 0.1
M sodium carbonate buffer (pH 9.3) for 30 min each at 2 µL/min. A solution of 5.0
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mg/mL protein G dissolved in 0.1 M sodium carbonate buffer (pH 9.3) was then pumped
through the monolithic column for 20 min at 0.4 µL/min. Using silicone rubber, both
ends of the capillary were sealed. The monolithic column was then heated to 34 °C for
20 h in an oven. Noncovalently bound protein was washed away with 0.1 M sodium
carbonate buffer (pH 9.3), followed by 50 mM ammonium formate-formic acid buffer,
pH 7.6. The monolithic column was stored in this last buffer at 4 °C until used.
Detection window preparation. The protein G monolithic preconcentrator
capillaries were cut in lengths of 64 cm, and a detection window was burned at 53 cm
from the inlet end.
2.2.4

Scanning electron microscopy (SEM)

An aliquot of 0.3 g of optimized monolithic precursor solution, prepared as outlined
in Section 2.2.3, was dispensed into a 1 dram (4 mL) glass vial and irradiated under the
UV lamp for 8 min. The bulk monolith was carefully removed by breaking the glass vial,
cut into peaces with a razor blade, Soxhlet extracted with methanol overnight and placed
in a vacuum oven at 60 °C overnight. SEM images were obtained of the dry monolith.
The monolith was sputtered with ~20 nm gold, and SEM images were taken using an FEI
Philips XL30 ESEM FEG (Hillsboro, OR, USA).
2.2.5

Porous properties

The physical properties (specific surface area, average pore diameter and porosity) of
the bulk monolith were determined by mercury intrusion porosimetry using an Auto Pore
IV 9500 V1.03 (Micromeritics, Norcross, GA, USA).
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2.2.6

Capillary liquid chromatography

To investigate the influence of the monolith formulation on binding capacity, and to
evaluate the effect of the speed of sample application on protein adsorption, affinity LC
experiments were conducted. Capillary LC experiments were performed using a syringe
pump (Model 11, Harvard Apparatus, Holliston, MA, USA) with a 25 µL Hamilton
gastight syringe (Reno, NV, USA) fitted with a stainless steel needle, a Linear Scientific
Uvis 203 detector (Reno, NV, USA), and a Thermo Separations PC1000 V3.0 software
work station (Fremont, CA, USA) for data collection and treatment. Affinity LC
experiments were performed as follows. The capillary was conditioned with PBS for 5
min at 1 µL/min. Following injection of IgG solution in PBS for a set amount of time at
a set flow rate, the capillary was sequentially rinsed with PBS for 5 min at 1 µL/min and
20 mM HCl at 0.5 µL/min. Eluted IgG was detected at 214 nm. The total length of the
capillary was 20 cm and the effective length was 15 cm.
2.2.7

On-line preconcentration-CZE of IgG

On-line preconcentration-CZE of IgG was achieved as follows. First, the protein G
monolithic preconcentrator capillary was conditioned with 50 mM ammonium formateformic acid buffer, pH 7.6 (binding buffer), for 6 min at 1 bar. An IgG solution was then
loaded for a set amount of time at 1 bar. Unbound protein was washed away by rinsing
with binding buffer for 6 min at 1 bar. Following preconditioning of the capillary with
12.5 mM ammonium formate-formic acid, pH 7.6 (separation buffer), IgG was desorbed
from the protein G monolith by injecting a small plug (equivalent to three times the
monolith length, ~1 bar for 0.3 min) of 50 mM formic acid (elution buffer). A plug of
equal length of separation buffer was next injected. Eluted IgG was electrophoresed
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along the separation capillary and detected by UV absorption. The applied voltage was
15 kV and the detection wavelength was 214 nm.
2.2.8

On-line extraction and preconcentration of IgG from human serum

Venous blood was obtained from a healthy volunteer. Blood samples were collected
in a Greiner Bio-one Vacuette tube containing Z Serum separation clot activator
(Longwood, FL, USA) and centrifuged at 4 °C at 3600 rpm for 12 min. Separated serum
was stored at -80 °C until used. Thawed serum samples were diluted 1:10 in 50 mM
ammonium formate-formic acid (pH 7.6), sonicated for 20 s and heated at 95 °C for 5
min.30
2.3

Results and Discussion

2.3.1

Monolithic preconcentrator design and evaluation

Capillary surface deactivation. It became evident early in the experiments that
nonspecific adsorption of proteins on the surface of the capillary could be problematic.
Initial experiments were performed using a capillary with an inner surface that had
previously been treated with γ-MPTS to ensure covalent bonding of the monolith to the
capillary wall. Unfortunately, this capillary soon proved to non-specifically adsorb
proteins during the preconcentration step (see Section 2.3.2). This phenomenon was not
surprising since nonspecific interactions (van der Waals, hydrophobic and electrostatic)
between proteins and surfaces always exist. Permanent coating of the surface of the
capillary with polymers that are either covalently bonded or physically adsorbed to the
surface of the capillary may be the most effective way of deactivation.28 Accordingly,
the first step in the design of the analyte preconcentrator-CE system involved the
deactivation of the fused silica capillary surface. Protein compatibility and coating
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stability were two of the criteria for selection of the polymeric materials. Additionally,
stability of the monolith within the coated capillary had to be ensured.
Even though the surface chemistry of silica is well established and understood, there
is not a single coating that will work for all protein analyses. Therefore, the selection of
the coating material and method largely depends on the particular application.
Considerable effort was spent developing a reliable coating procedure. Neutral
polymeric coatings such as poly(vinyl pyrrolidone), poly(ethylene-propylene glycol),
poly(ethylene glycol), polyacrylamide and poly(vinyl alcohol) were investigated for their
stability, performance and effectiveness to suppress the electroosmotic flow. Because the
ultimate goal was to evaluate the protein G monolithic preconcentrator, human IgG, with
very high affinity towards protein G, was the protein of choice for the experiments.
The pH, concentration and nature of the background electrolyte were among the
variables evaluated to determine appropriate CE separation conditions for IgG. The
challenge here was to find a discontinuous background electrolyte system compatible
with both steps, preconcentration and CE. Several experiments were run using a
combination of discontinuous buffer systems. Acetate, borate, Tris and formate were
among the background electrolyte buffers tested. Acetic acid, HCL-glycine and formic
acid were among the sample buffers tested. With the buffer systems utilized in this
study, all polymers tested provided rather poor separation efficiencies (~10,000
theoretical plates) for IgG. In addition, reproducibility of the analysis was affected due to
protein adsorption. The most satisfactory separations were obtained using a 50 mM
borate (pH 9.2), 20 mM HCl-glycine discontinuous buffer system. However, Joule
heating was a problem with these buffers. To avoid bubble formation, the initial applied
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voltage had to be set as low as 5 kV for a period of time (10 min), after which the voltage
could be increased to higher values (15 kV).
Charged polymers offer an alternative to neutral polymers for surface deactivation.
Successive multiple ionic layer coatings have proven to be chemically stable and useful
for biological sample analysis. Katayama and co-workers28 developed a method to coat
fused silica capillaries with successive multiple ionic polymer layers of polybrene and
dextran. Highly efficient separations with good reproducibility were reported using this
methodology. A similar approach was applied to passivate the surface of the fused silica
capillary. PB(3) coated capillaries provided efficient and reproducible separations for
IgG. A suitable discontinuous buffer for the CE of IgG was determined to be 12.5 mM
ammonium formate-formic acid (pH 7.6) as the background electrolyte and 50 mM
formic acid as the sample buffer.
A glycydyl methacrylate monolith was cast inside the inlet end of PB(3) coated
capillaries. It should be mentioned that even though the polymer monolith was not
explicitly covalently bound to the capillary wall as in many other studies describing
monoliths for CEC, the monolith is very stable and did not move at all within the
capillary when pressure or high voltage was applied. We believe that an electrostatic
mechanism holds the monolith to the positively charged PB(3) coated capillary. As
discussed latter in Section 2.3.2, measurements of the EOF of the GMA monolithic
capillaries revealed the presence of negative charge on the monolithic support.
Monolith preparation. A series of experiments were conducted to produce
monoliths with the required characteristics (high surface area, homogeneity and low
back-pressure). A reliable method to prepare monolithic preconcentrators was
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developed. GMA was selected as the monomer since it provides monoliths with epoxy
groups to which amine groups present in proteins can be immobilized.
An ideal monolith for protein preconcentration should have high surface area and
low flow resistance. While the surface area mainly comes from the contribution of
micropores and mesopores in the skeletal structure, the pressure drop is determined by
the median pore diameter of the throughpores. Unfortunately, in most cases, the median
pore diameter is correlated with the surface area in a polymer monolith. For example,
high surface areas are often accompanied by small throughpores, which results in a
concomitant increase in flow resistance. Thus, a balance between surface area and flow
resistance must be made. Among the variables to adjust the pore size distribution of a
polymer monolith, porogen and initiation technique are the most effective.
For the preparation of a suitable poly(GMA-co-TRIM) monolith, a variety of
porogens were considered. These ranged from long-chain alcohols, such as cyclohexanol
and dodecanol,26 to low boiling point organic solvents, such as toluene and isooctane.31
Since the pore size distribution of a polymer monolith is also strongly dependent on the
initiation technique used (e.g., thermal vs. UV vs. redox), it is not surprising that an
reported recipe developed by one research group cannot be directly implemented by
another group without modification. This was true in these experiments, and it was
observed that the optimized recipes developed by Pan and co-workers26 and Viklund and
co-workers31 could not yield a monolith with sufficiently low pressure drop to be used in
our CE instrument (1 bar for ~ 2 cm monolith). Thus, new porogens were sought in order
to develop a uniform poly(GMA-co-TRIM) monolith with extremely low flow resistance.
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To design the porogen system, two variables were kept constant. In all experiments,
the initiator (DMPA) concentration relative to total monomer (GMA+TRIM)
concentration was kept at 1%. In addition, the GMA to TRIM ratio was fixed at 60:40
(wt %). Six organic solvents (cyclohexanol, dodecanol, toluene, isooctane, methanol and
hexane) were investigated, and classified into three categories based on the final pressure
drop of the monolith prepared with the pure organic solvent as porogen. Toluene was
classified as a microporogen; cyclohexanol and dodecanol as mesoporogens; and
methanol, hexane and isooctane as macroporogens. The final optimized porogen,
ensuring macroscopically homogeneous monoliths with low flow resistance (~ 0.6
µL/min at 1 bar for a 2 cm monolith), was determined to be a ternary system composed
of methanol, hexane and cyclohexanol. Several optimized recipes based on this ternary
porogen are listed in Table 2.1.
Protein G was immobilized on monoliths prepared according to the recipes listed in
Table 2.1. These protein G monoliths were used to investigate the effect of monolith
formulation on binding capacity. To determine the binding capacity of the monolithic
preconcentrator, the protein G monolith was saturated with an IgG solution and the area
of the eluted peak was measured. All experiments were performed using affinity
capillary liquid chromatography (see Section 2.2.6).
Figure 2.1 shows the influence of monolith formulation on binding capacity. From
Figure 2.1, for the monolith formulations studied, there was no significant effect of the
composition of the monolithic precursor solution on binding capacity.
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Table 2.1. Compositions of the optimized monolithic preconcentrator formulations used in this study
to evaluate the effect of monolith formulation on binding capacity.a

Monolith

DMPA

TRIM

GMA

Cyclohexanol

Methanol

Hexane

1

0.005

0.20

0.30

1.12

0.26

0.11

2

0.006

0.24

0.36

0.77

0.44

0.19

3

0.008

0.32

0.32

0.18

0.71

0.30

a

Units are in g.
DMAP: 2,2-dimethoxy-2-phenylacetophenone.
TRIM: trimethylolpropane trimethacrylate.
GMA: Glycidyl methacrylate.
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Figure 2.1 Influence of monolith formulation on binding capacity. Experimental conditions: 20 cm
(15 cm to detector) x 75 µm i.d. fused silica capillary; 2 cm protein G monolithic preconcentrator; 2 mM
HCl (0.5 µL/min) elution buffer; UV detection at 214 nm; 300 µg/mL IgG sample; 1 µL/min sample
loading flow rate; 15 min sample loading time. The formulas (1,2,3) for all of the monoliths are listed in
Table 2.1.
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Therefore, monolith rod 2, with the lowest back-pressure, was selected for further
characterization.
Determination of the physical properties of GMA monolith rod 2. The physical
properties of GMA monolith rod 2 were determined using a mercury intrusion
porosimeter. Figure 2.2 shows the pore size distribution of this monolith. The total pore
area was 4.79 m2/g, the average pore diameter was 3.29 µm and the porosity was 82 %.
An SEM image of this monolith is provided in Figure 2.3.
After the monolith formula was optimized with respect to preconcentration factors,
the effect of the monolith length on CE separation efficiency was studied. It is
worthwhile to mention that even though the detection limits should be greatly improved
with solid phase preconcentrators, separation performance is affected. The efficiency of
separation is compromised as a result of the rather large volumes of elution buffer
required for complete analyte desorption. Reducing the bed volume of the adsorptive
phase can compensate for this. However, a reduced bed volume also means a lower
binding capacity, and thus a lower preconcentration factor. Therefore, a compromise
between bed volume binding capacity and preconcentrator performance must be found.
As a starting point, an arbitrary length of 2 cm monolith was used. Next, the
monolith length was gradually reduced down to 0.5 cm, and the effect of monolith length
on CE separation efficiency was evaluated. Notice that because of limitations in the
pressure system of the CE instrument used, monoliths of more than 2 cm in length were
not studied. The separation efficiency was not remarkably affected by the monolith
length; 1.5 cm offered a good compromise between binding capacity, separation
efficiency and backpressure. Therefore, 1.5 cm was the length used for experiments.
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Figure 2.2. Pore size distribution of GMA monolithic rod 2 measured by mercury intrusion
porosimetry.
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0.01

Figure 2.3. SEM image of a GMA monolith inside a capillary column.
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Evaluation of the effect of speed of sample application on protein adsorption.
Two attributes of monolithic supports are high rate of mass transfer and low flow
resistance, which makes fast analysis possible. Therefore, the influence of speed of
sample application on protein adsorption was investigated. During the sample loading
step, flow rates were varied from 0.5 to 10 μL/min to demonstrate the ability of the
monolith to rapidly preconcentrate proteins. All experiments were performed using
affinity capillary liquid chromatography (see Section 2.2.6); in all cases, saturation of the
protein G monolith occurred.
Figure 2.4 shows the influence of speed of sample application on peak area of
retained IgG. Figure 2.4 was obtained by loading a constant volume (15 µL) of a 300
μg/mL IgG solution at varying flow rates and measuring the area of the eluted peak.
From Figure 2.4, when the flow rate was varied from 0.5 to 10 μL/min, no significant
change was observed in the area of the eluted peak, indicating the ability of the monolith
to rapidly preconcentrate proteins.
2.3.2

Method development for on-line preconcentration-CE of IgG

In Section 2.3.1, it was discussed that capillaries treated with γ-MPTS strongly
adsorbed IgG during the preconcentration step. This was not the case for PB(3) coated
capillaries.
Figure 2.5 demonstrates the effectiveness of PB(3) to prevent non-specific
adsorption of IgG on the surface of the capillary during the preconcentration step. To
obtain Figure 2.5, a monolithic preconcentrator capillary lacking protein G was used; the
baseline was monitored during the preconditioning, loading, washing and elution steps.
As seen in Figure 2.5A, the capillary treated with γ-MPTS exhibited a peak at
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Figure 2.4. Influence of speed of sample application on peak area of retained IgG. Experimental
conditions: 20 cm (15 cm to detector) x 75 µm i.d. fused silica capillary; 2 cm protein G monolithic
preconcentrator; 20 mM HCl (0.5 µL/min) elution buffer; UV detection at 214 nm; 300 µg/mL IgG sample;
0.5-10 µL/min sample loading flow rate; 15 µL sample volume loaded.
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approximately 60 min. The capillary coated with PB(3) (Figure 2.5B), on the other hand,
did not show such a peak. These results suggest that during the preconcentration step,
IgG is non-specifically adsorbed on the surface of the capillary treated with γ-MPTS,
after which it is released as the capillary is rinsed with the elution buffer. This is
evidence that PB(3) effectively suppresses the non-specific adsorption of IgG on the
capillary wall. To further demonstrate the effectiveness of PB(3) to eliminate protein
adsorption, the EOF of the PB(3) coated capillary was measured before and after flushing
the capillary with an IgG solution. No significant change in the EOF was observed.
Interestingly, the EOF of the PB(3) coated capillary was reversed from anodic to
cathodic upon casting of the GMA monolith as observed in Figure 2.6. Figure 2.6A is a
typical electropherogram of a neutral marker (DMSO) run on a PB(3) coated capillary,
while Figure 2.6B is an electropherogram of the same marker run on a GMA monolithic
capillary lacking protein G. A cathodic EOF was still observed for the protein G
monolithic capillary, which reveals the presence of negative charges on the monolithic
support. Adsorption of buffer ions from the buffer solution have been observed to
produce a negative zeta potential on teflon, PP and PMMA column surfaces.32,33
Therefore, the cathodic EOF was hypothesized to stem from either the presence of
impurities (methacrylic acid) in the monomers used to prepare monolithic precursor
solutions, or adsorption of buffer ions on the monolithic support. Accordingly, CE of
IgG on protein G monolithic preconcentrators was performed using a positive voltage
polarity.
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Figure 2.5. Baseline monitoring of the affinity LC experiment with IgG as sample solution to test the
non-specific adsorption of protein on the surface deactivated fused silica capillary. Experimental
conditions: 75 cm (64 cm to detector) x 75 µm i.d. fused silica capillary; 2 cm protein G monolithic
preconcentrator. The column was flushed with the binding buffer (PBS) for 10 min at 1 bar, after which a
100 µg/mL IgG solution was injected for 20 min at 1 bar. After injection, the column was flushed
consecutively with binding buffer (PBS), separation buffer and an elution buffer for 10 min each at 1 bar.
Monolithic preconcentrator without protein G: (A) γ- MPTS treated capillary, (B) polybrene coated
capillary.
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Figure 2.6. Electropherogram of IgG demonstrating the reversal of the EOF upon casting a GMA
monolith inside a polybrene coated fused silica capillary. Experimental conditions: 70 cm (57 cm to
detector) x 75 µm i.d. fused silica capillary; neutral marker (DMSO) as sample; 50 mM ammonium
formate-formic acid (pH 7.6) separation buffer; UV detection at 214 nm. (A) polybrene coated capillary, 15 kV applied separation voltage, (B) 1.5 cm GMA monolith cast inside a polybrene coated capillary, +15
kV applied separation voltage.
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It should be mentioned that the separation of IgG after preconcentration on protein G
monolithic preconcentrators was only accomplished when the plug of elution buffer
(containing the desorbed IgG) was followed by an injection of separation buffer (12.5
mM ammonium formate-formic acid, pH 7.6) sufficient to cover the monolith. Failure to
inject separation buffer resulted in re-adsorption of the desorbed IgG on the protein G
monolith regardless of voltage polarity. Considering that the charge of IgG is dependent
on the pH of the medium and that IgG bears a positive charge when dissolved in elution
buffer, re-adsorption was believed to stem from electrostatic interactions between the
negatively charged protein G monolith and the positively charged IgG.
Figure 2.7 illustrates the steps of on-line preconcentration-CE of IgG. Typical
electropherograms of IgG standards at different concentrations (120 nM and 12 nM)
preconcentrated using this system are shown in Figure 2.8. It is noteworthy to mention
that preconcentration of IgG at concentrations lower than 12 nM is possible, and that the
lowest sample concentration that can be detected with this system (or the CLOD of this
system) is ultimately determined by the volume of sample injected. Preconcentration of
IgG at lower concentrations was demonstrated using more complex samples, such as
human serum, which will be discussed later in Section 2.3.3.
On-line preconcentration-CE of IgG was fairly reproducible. For the
preconcentration of a 1.2 µM IgG solution, the average migration time and peak area
were 8.46 ± 0.45 min and 1.2 ± 0.062 x 10 6µVs, respectively. These results were
calculated based on three measurements. Slight variations in migration times can be
attributed to protein precipitation issues during the freezing and thawing cycles.
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Figure 2.7. Schematic representation of the steps of on-line-preconcentration-CE of IgG. (A)
Sample injection following preconditioning of the protein G-monolithic preconcentrator capillary with 50
mM ammonium formate-formic acid (pH 7.6), (B) removal of unbound proteins and preconditioning of the
preconcentrator with 12.5 mM ammonium formate-formic acid (pH 7.6), (C) desorption of trapped IgG
with 50 mM formic acid, (D) injection of a plug of 12.5 mM ammonium formate-formic acid (pH 7.6), (E)
electrophoresis. (

) IgG, ( ) other proteins.
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Figure 2.8. Typical electropherograms of the on-line preconcentration-CE of IgG standard.
Experimental conditions: 64 cm (53 cm to detector) x 75 µm i.d. fused silica capillary; 1.5 cm protein G
monolithic preconcentrator; 50 mM formic acid (1.0 bar, 0.3 min) elution buffer; 12.5 mM ammonium
formate-formic acid (pH 7.6) separation buffer; +15 kV applied separation voltage; UV detection at 214
nm. (A) 120 nM IgG solution, (B) 12 nM IgG solution.
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Additionally, in the course of the preparation of the monolithic preconcentrator, slight
changes in the porogen content in the monolithic precursor solution, may have led to
monoliths with slightly different average pore size, and therefore, different back-pressure
and surface area of charged groups, which ultimately affected the net EOF.
2.3.3

Application of the monolithic preconcentrator to a human serum sample

The ability of on-line monolithic preconcentrator-CZE to preconcentrate IgG was
proven for real samples. Diluted (500 and 65,000 times) human serum samples obtained
from a healthy volunteer were analyzed using this system. Assuming a 10-15 mg/mL
IgG concentration in human serum, for a 65,000 diluted serum sample, the IgG
concentration was estimated to be 960 pM to 1.4 nM. Typical electropherograms of IgG
extracted and preconcentrated from human serum are shown in Figure 2.9. These results
demonstrate the effectiveness of the preconcentrator for on-line preconcentration-CE of
proteins in real biological samples. In this particular application, the preconcentrator
served three purposes: sample extraction, clean-up and preconcentration. The system
could be used for more than 8 consecutive runs without significant loss in performance
(average migration time and peak area were 8.29 ± 0.48 min and 4.03 ± 0.30 x 10 5 µVs,
respectively). The system was stable for more than one month upon storage.
It is noteworthy to mention that this preconcentrator is not limited to the
preconcentration of IgG. By having protein G immobilized on the monolith, a universal
support is generated that allows the capture of any molecule for which an antibody is
available. This study was particularly focused on the design and evaluation of a
preconcentrator that could be used for the selective preconcentration of a wide range of
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proteins. IgG was the standard protein chosen to test this preconcentrator. This
preconcentrator can potentially be coupled to MS, further lowering the CLOD.
2.4

Conclusions
An on-line protein G monolithic preconcentrator-CE system was designed and

evaluated for the preconcentration of proteins. In fabricating the preconcentrator, the use
of coated capillaries was essential to reduce protein-wall interactions. In addition to
providing good separation efficiencies, PB(3) coated capillaries proved effective to
prevent the non-specific adsorption of IgG on the surface of the capillary during the
preconcentration step. Monoliths were prepared from different formulations and
evaluated for binding capacity to optimize the monolith formulation for protein
preconcentration. The physical properties of the monolith considered best were
determined by mercury intrusion porosimetry. The monolith had a low back-pressure
and was macroscopically homogeneous. The potential of the monolith to rapidly
preconcentrate proteins was demonstrated. A suitable discontinuous buffer system for
on-line preconcentration-CE separation of IgG was determined to be 12.5 mM
ammonium formate-formic acid (pH 7.6) as the background electrolyte and 50 mM
formic acid as the elution buffer. Standard solutions of IgG were preconcentrated using
this system. Additionally, the extraction and preconcentration of IgG from human serum
was demonstrated. The on-line preconcentration-CZE system developed here can
potentially be applied to the analysis of proteins other than IgG for which an antibody is
available; therefore, it should be very useful for the analysis of biomarkers, which are
usually proteins that are present at low concentrations.
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Figure 2.9. Electropherograms demonstrating on-line preconcentration-CE of IgG from human
serum. Experimental conditions: 64 cm (53 cm to detector) x 75 µm i.d. fused silica capillary; 1.5 cm
protein G monolithic preconcentrator; 50 mM formic acid (1.0 bar, 0.3 min) elution buffer; 12.5 mM
ammonium formate-formic acid (pH 7.6) separation buffer; +15 kV applied separation voltage; UV
detection at 214 nm. (A) 500 times diluted human serum (~ 6 µL volume sampled), (B) 65,000 times
diluted human serum (~ 28 µL volume sampled).
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3

COUPLED AFFINITY-HYDROPHOBIC MONOLITHIC COLUMN FOR

ON-LINE REMOVAL OF IgG, PRECONCENTRATION OF LOW ABUNDANCE
PROTEINS, AND SEPARATION BY CAPILLARY ZONE ELECTROPHORESIS
3.1

Introduction
As the demand for proteomics research increases, the development of new

techniques becomes more desirable. As mentioned in Chapter 1, analyzing the proteome
of human serum represents a challenge. The difficulty of this task resides in the
complexity of the sample. It is estimated that thousands of proteins may be expressed in
blood serum. Most of these proteins are present at very low concentrations. Analysis of
the less abundant proteins is hindered by the presence of high abundance proteins, such
as human serum albumin (HSA), immunoglobulin G (IgG), haptoglobin, transferrin, α1antitrypsin and α2-macroglobulin, which together represent almost 85% of the protein
content in serum. Therefore, in most cases, depletion of the high abundance proteins, or
concentration of the low abundance proteins is necessary prior to analysis of low
abundance proteins.1-8 The coupling of an affinity column for selective removal of high
abundance proteins with a hydrophobic column for preconcentration of low abundance
proteins would be a powerful strategy for the analysis of low abundance proteins. The
fabrication and evaluation of such a system is reported. The system incorporates sample
fractionation, concentration, clean-up, CZE separation and UV detection.
A butyl methacrylate-co-ethylene dimethacrylate (BuMA-co-EDMA) monolith was
synthesized by UV initiated polymerization at the inlet end of a 75 μm i.d. fused silica
capillary that had been previously coated with a protein compatible polymer,
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poly(vinyl)alcohol. The monolith was used for on-line preconcentration of proteins
followed by capillary electrophoresis (CZE) separation. For the analysis of standard
proteins (cytochrome c, lysozyme and trypsinogen A) this system proved reproducible.
The run-to-run %RSD values for migration time and peak area were less than 5%, which
is typical of CZE. As measured by frontal analysis using lysozyme as solute, saturation of
a 1 cm monolith was reached after loading 48 ng of protein. Finally, the BuMA-coEDMA monolithic preconcentrator was coupled to a protein G monolithic column via a
zero dead volume union. The coupled system was used for on-line removal of IgG,
preconcentration of standard proteins and CZE separation.
3.2

Experimental

3.2.1

Chemicals

HPLC water, anhydrous methanol (MeOH), acetone, hexanes, acetonitrile (ACN)
ammonium formate and phosphate buffered saline (PBS), pH 7.4 ± 0.1, were supplied by
Mallinckrodt Chemicals (Phillipsburg, NJ, USA). Cyclohexanol and trifluoro acetic acid
(TFA) were from Fisher Scientific (Fair Lawn, NJ, USA). Formic acid was from
Anachemia Canada (Montréal, Canada). Trizma base, dextran sulfate sodium salt,
hexadimethrin bromide (polybrene), 97% glycidyl methacrylate (GMA), 3(trimethoxysilyl) propyl methacrylate (γ−MPTS), trimethylolpropane trimethacrylate
(TRIM), 99% 2,2-dimethoxy-2-phenylacetophenone (DMPA), 98% ethylene glycol
dimethacrylate (EDMA), 99% butyl methacrylate (BuMA), 99% poly(vinyl alcohol)
(PVA, MW 89,000-98,000), 1-propanol and 1,4-butanediol were purchased from SigmaAldrich (Milwakee, WI, USA). Sodium carbonate monohydrate, sodium bicarbonate and
phosphoric acid were from EM Science (Darmstadt, Germany). Protein G, recombinant
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Escherichia coli, and IgG were supplied by Calbiochem (La Jolla, CA, USA).
Cytochrome c, lysozyme and trypsinogen A were also purchased from Sigma-Aldrich.
Buffer solutions were prepared with deionized water from a Millipore water purifier
(Molsheim, France) and filtered through a 0.22 μm filter.
3.2.2

Capillary zone electrophoresis

UV transparent fused silica capillary tubing with 75 and 250 μm i.d. and 365 μm o.d.
was obtained from Polymicro Technologies (Phoenix, AZ, USA). Capillary
electrophoresis experiments were carried out with a Crystal CE 300 system (ATI,
Madison, WI, USA). On-column UV detection was accomplished at 214 nm using a
Crystal 100 variable wavelength UV-Vis absorbance detector. Data collection and
processing was performed using Chrom Perfect software work station (Mountain View,
CA). Electropherograms were converted to a CP Tab delimited raw file with RT and
redrawn using Microsoft Excel (Redmond, WA, USA).
3.2.3

Fabrication of monolithic preconcentrators

Preparation of a monolithic preconcentrator at the column inlet involved two steps.
In the first step, the inner wall of the fused silica capillary tubing was coated with a
protein compatible material (i.e., PVA) to prevent undesirable protein/wall interactions.
In the second step, a 1 cm long BuMA-co-EDMA monolith was synthesized using
photoinitiated polymerization.
Preparation of PVA capillary coatings. Coating of the capillary walls with PVA
was achieved following a procedure similar to that described by Gilges et al.9 Basically,
a 4.0 m length of UV transparent fused silica tubing (75 μm i.d.) was attached to a small
in-house constructed pressure vessel containing a vial with a thoroughly degassed
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solution of 6% PVA in water. The PVA solution was passed through the capillary at 60
psi for 2 h. Unbound PVA was flushed out of the capillary with nitrogen at 40 psi for 2
h. The capillary was cured in a GC oven (HP 5890, Hewlett-Packard, Palo Alto, CA,
USA) under a stream of nitrogen (30 psi). A temperature program was then applied from
45°C at 5°C/min to 145°C for 5 h. To ensure homogeneous coating, the entire process
was repeated after filling the capillary from the opposite end.
Preparation of polymer monoliths. A variation of the methodology developed by
Moravcová et al.10 was used to prepare BuMA-co-EDMA monolith segments inside PVA
coated capillaries. The monolithic precursor solution was prepared in a 1 dram (4 mL)
glass vial by mixing 0.012 g of DMPA (initiator), 0.48 g of EDMA (cross-linker), 0.72 g
of BMA (monomer) and porogens (H2O, 0.18 g; 1,4-butanediol, 0.54 g; and 1-propanol,
1.08 g). This solution was ultrasonicated for 5 min, and introduced into the capillary by
capillary action. Polymerization was induced with a Dymax 5000 AS UV curing lamp
(Torrington, CT, USA). The irradiation intensity was 200 mW/cm2 in the wavelength
range of 320-390 nm. The irradiation time was 14 min. Unreacted monomer and
porogens were flushed out of the capillary by rinsing with 1 mL of methanol. The
monolith was cut to a length of 1 cm, and the column was stored in water at room
temperature until used.
3.2.4

Scanning electron microscopy (SEM)

A small section (1 cm) of the monolith inside the capillary was dried under vacuum,
and SEM images were taken using an FEI Philips XL30 ESEM FEG (Hillsboro, OR,
USA).

83

3.2.5

On-line preconcentration-CZE of standard proteins

Standard proteins (lysozyme, cytochrome c and trypsinogen A) were used to
investigate the performance of the monolithic preconcentrator. Protein preconcentration
was accomplished by pumping a protein solution at 1 bar for a set amount of time
through the capillary that had been previously equilibrated with 50 mM ammonium
formate-formic acid, pH 7.6 (binding buffer) for 7 min at 1 bar. Unbound protein was
rinsed away with binding buffer for 7 min at 1 bar, and the capillary was conditioned
with the same volume of 50 mM tris-phosphate, pH 3.0 (separation buffer). Trapped
protein was then desorbed from the monolith with the elution buffer (70 % ACN in 0.1%
TFA, 700 mbar, 0.1 min). The monolith length was 1 cm, and the capillary dimensions
were 70 cm (59 cm effective length) x 75 μm i.d. The separation voltage was + 25 kV
and the detection wavelength was 214 nm.
3.2.6

Fabrication of protein G monolithic columns for removal of IgG

Capillary surface deactivation. Capillary surface deactivation was accomplished
by depositing alternating thin films of physically adsorbed negatively (dextran) and
positively (polybrene) charged polymers. A methodology similar to that described by
Katayama and co-workers11 with some modifications was applied. Briefly, using a
syringe pump (Model 11, Harvard Apparatus, Holliston, MA, USA) with a 1 mL plastic
syringe fitted with a stainless steel needle, a 250 µm i.d. UV transparent fused silica
capillary was washed consecutively with acetone, deionized water, 0.2 M HCl, deionized
water, 0.2 M NaOH and deionized water for 30 min each at 10 µL/min. The capillary
was then rinsed with a 10% polybrene solution at 5 µL/min for 30 min and allowed to sit
for 15 min. Next, the capillary was washed with a 6% dextran solution at 5 µL/min for
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30 min and left for 15 min. Finally, the capillary was rinsed again with 10% polybrene
solution at 5 µL/min for 30 min and left for 1 h. Non-adsorbed polymer was washed
away with H2O.
Preparation of polymer monoliths. The surface-deactivated capillary was dried
using a stream of nitrogen for 1 h. The monomer mixture was prepared in a 1 dram (4
mL) glass vial by admixing in sequence 0.006 g of DMPA (initiator), 0.24 g of TRIM
(cross-linker), 0.36 g of GMA (monomer) and porogens (cyclohexanol, 0.77 g; methanol,
0.44 g; and hexane, 0.19 g). This solution was ultrasonicated for 5 min before use. This
monomer solution was introduced into the capillary by the use of capillary action.
Polymerization was induced using a Dymax 5000 AS UV curing lamp (Torrington, CT,
USA). The UV curing lamp can produce an irradiation intensity of 200 mW/cm2 in the
wavelength range of 320-390 nm. The irradiation time was 12 min. Unreacted monomer
and porogens were flushed out of the capillary by rinsing with 1 mL of methanol.
Immobilization of protein G on polymer monoliths. Protein G was immobilized
on GMA monolithic columns following a procedure similar to that described by
Tennikova.12 Briefly, using a syringe pump (Model 11, Harvard Apparatus, Holliston,
MA, USA) with a 1 mL plastic syringe fitted with a stainless steel needle, the monolithic
capillary column was washed consecutively with ethanol, ethanol-H2O (1:1), H2O and 0.1
M sodium carbonate buffer (pH 9.3) for 30 min each at 2 µL/min. A solution of 5.0
mg/mL protein G dissolved in 0.1 M sodium carbonate buffer (pH 9.3) was then pumped
through the monolithic column for 20 min at 0.4 µL/min. Using silicone rubber, both
ends of the capillary were sealed. The monolithic column was then heated to 34 °C for
20 h in an oven. Noncovalently bound protein was washed away with 0.1 M sodium
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carbonate buffer (pH 9.3), followed by 50 mM ammonium formate-formic acid buffer,
pH 7.6. The monolithic column was cut to a total length of 25 cm, and stored in this last
buffer at 4 °C until used.
3.2.7

Coupling of protein G monolithic columns to hydrophobic monolithic

preconcentrator-CE columns for on-line removal of IgG, followed by
preconcentration of standard proteins and separation by CE
The protein G monolithic column was connected to the BuMA-co-EDMA
monolithic preconcentrator CE column via an Upchurch zero dead volume union (Oak
Harbor, WA). A syringe pump (Model 11, Harvard Apparatus, Holliston, MA, USA)
with a 250 μL Hamilton (Reno, NV, USA) gastight syringe was used to force the buffer
and sample solutions through the capillaries. The experiment was carried out as follows.
The coupled columns were conditioned with 50 mM ammonium formate-formic acid, pH
7.6 (binding buffer), for 15 min at 1.5 μL/min. Following injection of protein solution
containing IgG and standard proteins in binding buffer for a set amount of time at 0.5
μL/min, the BuMA-co-EDMA monolithic preconcentrator was detached from the protein
G column and mounted in the CE instrument. The column was rinsed with binding
buffer for 7 min at 1 bar and conditioned with the same volume of 50 mM tris-phosphate,
pH 3.0 (separation buffer). Concentrated protein was eluted from the monolith with 70%
ACN in 0.1% TFA (700 mbar for 0.1 min), and a 25 kV separation voltage was applied.
3.3

Results and Discussion

3.3.1

Monolithic preconcentrator

Protein analysis by capillary electrophoresis is hindered by protein adsorption and
low concentration limits of detection.13-31 To prevent proteins from being adsorbed on
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the capillary walls, surface deactivation is necessary.32-37 Conventional procedures for
preparing monoliths inside fused silica capillaries involve surface pretreatment of the
capillary with γ-MPTS to which monoliths can be anchored via silanization.
Nevertheless, results from my previous experiments38 showed that proteins are easily
adsorbed onto this treated surface. Therefore, alternative procedures for surface
modification were investigated to suppress unwanted analyte/wall interactions. The
modified surface had to ensure monolith stability within the capillary, and at the same
time be protein compatible.
When polybrene or dextran was used to deactivate the surface of fused silica
capillaries, the BuMA-EDMA monolith was stable when pressure was applied to rinse
the column with organic solvents. In contrast, when water or buffer solutions were
pumped through the column, movement of the monolithic bed was observed.
Accordingly, different coating materials had to be explored for the fabrication of
monolithic preconcentrators.
Neutral hydroxylated polymers, such as PVA, have been successfully used by
various authors to deactivate the inner surface of fused silica capillaries. High efficiency
separations of proteins by CE with PVA coated capillaries have been reported.9,34 A
procedure similar to that reported by Gilges et al.9 was adopted to coat fused silica
capillaries with PVA.
PVA provided a suitable surface for protein analysis and casting of BuMA-coEDMA monoliths. The monolith was very stable and did not move when pressure or
voltage was applied. It was hypothesized that the PVA coating created a surface rough
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enough for strong adhesion of the monolith. These results are in agreement with a study
recently reported39 on the effect of glass surface roughening by boiling deionized water.
In addition, PVA completely suppressed the electroosmotic flow (EOF), leading to
very reproducible separations as shown later in Section 3.3.6. For previously reported
on-line SPE-CE preconcentrators, reversal of the EOF at low pH was observed.17
Because the EOF was eliminated upon coating of the capillary with PVA, reversal of the
EOF at low pH was not observed in this system. A SEM image of a 1 cm long BuMAco-EDMA monolith synthesized inside a 75 µm PVA coated capillary is shown in Figure
3.1.
3.3.2

Concentration and elution of proteins

The conditions for adsorption, elution and separation had to be determined. Among
these conditions, the concentration and volume of elution buffer to accomplish complete
desorption of the proteins from the monolith after they were concentrated were
particularly important. Because one of the aims of this study was to couple a
hydrophobic monolithic preconcentrator to a protein G column for on-line removal of
IgG, concentration of standard proteins and separation by CE, a buffer suitable for
permitting both hydrophobic and IgG-protein G interactions was desirable. Therefore,
the adsorption buffer for preconcentration of standard proteins was chosen to be 50 mM
ammonium formate-formic acid, pH 7.6.
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Figure 3.1. SEM of a BuMA-co-EDMA monolith in a capillary column.
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MeOH and ACN were among the elution buffers evaluated for analyte desorption
from the monolithic support. The concentration of these organic solvents was varied
from 50 to 100%. At the high concentrations of solvent used, addition of 0.1% TFA was
necessary to prevent protein precipitation. A solution of 70% ACN in 0.1% TFA was
chosen as the elution buffer for disrupting hydrophobic interactions. The volume of
elution buffer necessary to achieve complete desorption of the sample from the monolith
was determined by monitoring the area of the eluted peak as a function of the elution
time, with the elution pressure fixed at 700 mbar, until a plateau was reached. For a 1 cm
monolith, an 0.1 min plug of elution buffer was sufficient to accomplish complete
desorption. A suitable separation buffer was determined to be 50 mM tris-phosphate, pH
3.0.
For on-line preconcentration-CE separation of proteins, the system was first
equilibrated with adsorption buffer. Following loading of the sample, unbound protein
was washed away with this same buffer, and the column was conditioned with separation
buffer. Trapped protein was then eluted from the monolith with 70% ACN in 0.1% TFA
and separated after applying a voltage of 25 kV.
3.3.3

Effect of the composition of sample buffer on preconcentration

Figure 3.2 illustrates the effect of the composition of sample buffer on protein
preconcentration. To obtain Figure 3.2, a 120 nM lysozyme solution was used and the
volume of protein loaded onto the preconcentrator was kept constant. When the protein
was dissolved in H2O, the height of the eluted peak was 4.4 mV. When the protein was
dissolved in 50 mM ammonium formate-formic acid, pH 7.6, the height increased to 36
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mV. Adding 0.9 M ammonium sulfate to this last buffer further increased the peak
height to 52 mV.
These results are consistent with the theory of hydrophobic interaction
chromatography, in which high salt content promotes analyte retention. The positive
effect of increasing the ionic strength of the sample on preconcentration was also
reported by Yu et al.,40 who observed that Coumarin 519 in water (10 nM) showed little
adsorption on the surface of butyl methacrylate-based monoliths. However, since the
protonated form of Coumarin 519 is more hydrophobic, better adsorption was observed
when Coumarin was dissolved in 0.9 mM HCl. Even better adsorption was achieved
when 0.8 M ammonium sulfate was added to this last solution.
3.3.4

On-line preconcentration-CZE of standard proteins

Figure 3.3 is a typical electropherogram for on-line preconcentration of a 20 nM
lysozyme solution. Preconcentration of samples at lower concentrations is possible; the
concentration limits of detection (CLOD) attainable are ultimately determined by the
volume of sample loaded.
The application of this system to on-line preconcentration-CE separation was also
demonstrated using a mixture of proteins. Figure 3.4 shows on-line preconcentration-CE
of standard proteins cytochrome c, lysozyme, and trypsinogen A. Peaks 1 and 2 are
cytochrome c and lysozyme, respectively, whereas peaks 3 and 4 correspond to
trypsinogen A. It should be mentioned that two peaks were observed for this last protein
when analyzed on a PVA coated capillary without the monolith.
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Figure 3.2. Electropherograms showing the effect of sample buffer composition on preconcentration.
Experimental conditions: 70 cm (59 cm to detector) x 75 μm i.d. fused silica capillary; 1 cm BuMA-coEDMA monolith; 70% ACN in 0.1% TFA elution buffer (700 mbar, 0.1 min); 50 mM tris-phosphate (pH
3.0) separation buffer; + 25 kV applied voltage; 120 nM lysozyme (~ 7 μL volume sampled). (A) H2O, (B)
50 mM ammonium formate-formic acid (pH 7.6), (C) 50 mM ammonium formate-formic acid (pH 7.6) and
0.9 M ammonium sulfate.
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Figure 3.3. On-line preconcentration-CZE of a 20 nM lysozyme solution. Experimental conditions:
70 cm (59 cm to detector) x 75 µm i.d. fused silica capillary; 1 cm BuMA-co-EDMA monolith; 70% ACN
in 0.1% TFA elution buffer (700 mbar, 0.1 min); 50 mM tris-phosphate (pH 3.0) separation buffer; + 25 kV
applied voltage; 20 nM lysozyme (~ 24 μL volume sampled).
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Figure 3.4. On-line preconcentration-CZE of standard proteins. Experimental conditions: 70 cm x 75
μm i.d. fused silica capillary; 1 cm BuMA-co-EDMA monolith; 70% ACN in 0.1% TFA elution buffer
(700 mbar, 0.1 min); 50 mM tris-phosphate (pH 3.0) separation buffer; + 25 kV applied voltage; 400 nM
cytochrome c, 35 nM lysozyme and 250 nM trypsinogen A (~ 12 μL volume sampled). (1) cytochrome c,
(2) lysozyme, (3,4) trypsinogen A.
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Notice that this electropherogram was obtained with a preconcentrator having a 1 cm
long monolith. More efficient separations (i.e., narrower peaks) could be obtained by
decreasing the length of the monolith. Obviously, the shorter the monolith, the lower the
volume of elution buffer required for complete elution, and the narrower the peaks.
However, a shorter length of monolith also results in a lower binding capacity.
Therefore, a compromise must be made. Because the major focus of this report was to
design a hydrophobic monolithic preconcentrator, and demonstrate its applicability to the
analysis of low concentration protein mixtures, no further attempts were made to improve
separation efficiency by shortening the monolith. A 1 cm monolith was a good
compromise between binding capacity and peak shape. Furthermore, the
reproducibilities in migration time and peak area were good as shown in Section 3.3.6.
Previous reports concerning on-line SPE-CE using polymer monoliths mainly
focused on the analysis of small molecules. This is the first demonstration of on-line
preconcentration-CE separation of protein mixtures using BuMA-co-EDMA monoliths
cast in a CE capillary column deactivated with a protein compatible material.
3.3.5

Saturation curve for the monolithic preconcentrator

Figure 3.5 is the saturation curve for the monolithic preconcentrator. Saturation of a
1 cm monolith occurs after loading approximately 48 μL of a 10 μg/mL lysozyme
solution, which corresponds to 48 ng of protein. These data were obtained by loading a
10 μg/mL lysozyme solution for increasing lengths of time and measuring the normalized
areas of the eluted peaks until a plateau was reached.
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Figure 3.5. Saturation curve for the monolithic preconcentrator.
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3.3.6

Reproducibilities of migration times and peak areas of standard proteins

Table 3.1 lists run-to-run (n=3) reproducibility data. The percent relative standard
deviations (%RSD) for migration time and peak area are between 1-5%, which is typical
for CZE. The column was stable for more than one month upon storage.
3.3.7

Coupled protein G monolithic column-hydrophobic monolithic

preconcentrator for removal of IgG, preconcentration of standard proteins, and
separation by CE
Affinity LC experiment to test the non-specific adsorption of proteins other
than IgG on the protein G monolithic column. Prior to coupling the protein G
monolithic column to the BuMA-co-EDMA monolithic preconcentrator for on-line
removal of IgG, preconcentration of standard proteins and separation by CE, experiments
were carried out to evaluate the non-specific adsorption of proteins other than IgG on the
protein G monolith. Cytochrome c, lysozyme and trypsinogen A were selected as
standard proteins. Figure 3.6A shows a frontal elution experiment with a solution of
cytochrome c, lysozyme, and trypsinogen and Figure 3.6B shows the same affinity
experiment with IgG, cytochrome c, lysozyme and trypsinogen A. In obtaining these
Figures, a 1 cm protein G monolith cast in a 75 μm i.d. capillary previously deactivated
with alternating layers of negatively (dextran) and positively (polybrene) charged
polymers was conditioned with 50 mM ammonium formate-formic acid, pH 7.6 (binding
buffer). Following loading of the sample, unbound protein was rinsed away with binding
buffer. A plug of elution buffer 1 (50 mM formic acid) adequate to disrupt the IgG
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Table 3.1. Reproducibilities of migration times and peak areas of standard proteins.

%RSD
Protein
Migration time (min)

Peak area (arbitrary units)

Cytochrome c

0.90

1.98

Lysozyme

0.86

3.55

Trypsinogen A

1.04

1.73
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B

Figure 3.6. Affinity LC experiment to test the non-specific adsorption of proteins other than IgG on
the protein G monolithic column. Experimental conditions: 70 cm (59 cm to detector) x 75 μm i.d. fused
silica capillary; 1 cm protein G monolith. The column was flushed consecutively with binding buffer (1
bar, 7 min), protein solution (1 bar, 12 min), and binding buffer (1 bar, 7 min). A plug (1 bar, 0.25 min) of
50 mM formic acid (elution buffer 1 to disrupt the protein G-IgG interaction) was injected followed by
separation buffer (1 bar, 6 min). A plug (1 bar, 0.25 min) of 70% ACN in 0.1% TFA (elution buffer 2 to
disrupt hydrophobic interactions) was injected followed by separation buffer (1 bar, 6 min). (A)
cytochrome c, lysozyme and trypsinogen A. (B) IgG, cytochrome c, lysozyme and trypsinogen A.
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protein G interaction was next injected, and pushed through the column with binding
buffer. A plug of elution buffer 2 (70% ACN in 0.1% TFA) appropriate to disrupt
hydrophobic interactions between the proteins and the monolith was then injected, and
forced through the column with binding buffer. For the solution containing cytochrome
c, lysozyme and trypsinogen A, no peaks were observed following injection of the plugs
of elution buffers 1 and 2. For the solution containing these same three proteins and IgG,
a peak corresponding to IgG was observed following injection of elution buffer 1. These
results demonstrate that IgG binds specifically to the protein G monolith.
Simultaneous on-line removal of IgG, preconcentration of standard proteins,
and separation by CE. Figure 3.7 is a schematic representation of the coupled system
used for on-line removal of IgG, preconcentration of standard proteins, and CE
separation. The protein G monolith was coupled to the BuMA-co-EDMA monolithic
preconcentrator CE column via a zero dead volume union. Notice that the bed volume of
the protein G monolithic column is approximately 280 times that of the hydrophobic
monolithic preconcentrator. This is to guarantee preconcentration of the low abundance
proteins before saturation of the protein G monolithic column with IgG.
A typical electropherogram of a mixture of IgG, cytochrome c and lysozyme
analyzed using this system is shown in Figure 3.8. Clearly, in human serum, in addition
to IgG, other high abundance proteins, such as human serum albumin, haptoglobin,
transferrin, α1-antitrypsin and α2-macroglobulin should be removed prior to the analysis
of low abundance proteins. Furthermore, the concentration of these proteins is estimated
to be several orders of magnitude higher than that of the low abundance proteins.
Therefore, for this system to be applicable to the analysis of more complex

100

GMA Monolith

PG
PG
PG PG
Zero Dead
Volume Union
PG PG
Hydrophobic Monolith

Figure 3.7. Schematic of the coupled protein G monolithic column-hydrophobic monolithic
preconcentrator for removal of IgG, preconcentration of standard proteins, and separation by CE.
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Figure 3.8. Electropherogram resulting from on-line removal of IgG, preconcentration of standard
proteins, and separation by CE. Experimental conditions: 25 cm x 250 μm i.d. protein G monolithic
column coupled to 1 cm BuMA-co-EDMA monolith cast in a 70 cm (59 cm to detector) x 75 μm i.d. fused
silica capillary; 70% ACN in 0.1% TFA elution buffer (700 mbar, 0.1 min); 50 mM tris-phosphate (pH 3.0)
separation buffer; + 25 kV applied voltage; 5 μg/mL cytochrome c; 5 μg/mL lysozyme and 100 μg/mL
IgG. (1) cytochrome c, (2) lysozyme.
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samples such as human serum, much higher loading capacity and additional affinity
adsorbents must be addressed. Effective removal of the high abundance proteins would
require that the affinity column contain antibodies for each of these proteins immobilized
and cross-linked to the protein G monolith. In addition, the binding capacity of such a
column would have to be thousands of times that of the hydrophobic monolithic
preconcentrator. These could be accomplished by the use of an array of affinity
monoliths.
3.4

Conclusions
A BuMA-co-EDMA monolithic preconcentrator was designed and evaluated for on-

line preconcentration-CZE of proteins. The applicability of this system was
demonstrated using standard proteins (cytochrome c, lysozyme, and trypsinogen A). The
system proved to be very reproducible. The run-to run %RSD values for migration time
and peak area were less than 5%, which is typical for CZE. Coating the capillary with a
protein compatible material (i.e., PVA) prior to casting of the monolith was important to
avoid unwanted analyte-wall interactions. Coupling of this hydrophobic monolithic
preconcentrator to a protein G monolithic column allowed for on-line removal of IgG,
preconcentration of low abundance proteins and separation by CZE.
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4

POLYMERIC MONOLITHIC COLUMNS COATED WITH

POLYELECTROLYTE LAYERS FOR PROTEIN ANALYSIS
4.1

Introduction
Recently, the development of monolithic columns has been an area of extensive

research. Monolithic columns have several advantages over conventional packed
columns. An attractive feature of monoliths is that no frits are required, since the
monolith rods are directly synthesized within the column.1 Several methods have been
used to prepare monoliths with suitable surface chemistry. One approach is to use
copolymerization in which a functional monomer can be copolymerized into the monolith
matrix. Other methods include graft polymerization and modification of a reactive
monolith.2,3 In this work, a new method to introduce surface functionality was designed.
Polymer monoliths were prepared by in situ polymerization of 2-acryloylamido-2methyl-propanesulfonic acid and ethylene dimethacrylate. The monoliths were coated
with a water soluble polymer (polybrene) and used for the analysis of proteins. Using
this approach, a model monolith was prepared. Subsequent coating yielded a monolith
with quaternary ammonium groups on the surface, which was confirmed by strong anodic
electroosmotic flow. Analysis of standard proteins by ion exchange liquid
chromatography (LC) and capillary electrochromatography (CEC) was demonstrated.
This simple and rapid method for surface modification opened new avenues for the
preparation of monoliths with a broad range of functionalities.
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4.2

Experimental

4.2.1

Chemicals

Anhydrous methanol and HPLC water were purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ, USA). Cyclohexanol, sodium chloride and sodium phosphate
monobasic and dibasic salts were from Fisher Scientific (Fair Lawn, NJ, USA). Trizma
base, dextran sulfate sodium salt, hexadimethrin bromide (polybrene), 3(trimethoxysilyl)propyl methacrylate (γ-MPTS), 98% ethylene glycol dimethacrylate
(EDMA), 99% 2,2-dimethoxy-2-phenylacetophenone (DMPA), 2-acryloylamido-2methyl-propanesulfonic acid (AMPS) and 1-propanol were supplied by Sigma-Aldrich
(Milwaukee, WI, USA). Phosphoric acid was from EM Science (Darmstadt, Germany).
Ovalbumin and myoglobin were also purchased from Sigma-Aldrich. Buffer solutions
were prepared with deionized water from a Millipore water purifier (Molsheim, France)
and filtered through a 0.22 µm filter.
4.2.2

Fabrication of coated polymeric monolithic columns

Capillary surface derivatization. UV transparent fused silica capillary tubing with
75 μm i.d. and 365 μm o.d. was obtained from Polymicro Technologies (Phoenix, AZ,
USA). Surface derivatization was adapted from a method published by Yu et al.4
Briefly, the inner wall of the capillary was consecutively rinsed with acetone, H2O, 0.2 M
NaOH, H2O, 0.2 M HCl, H2O and ethanol using a syringe pump (Model 11, Harvard
Apparatus, Holliston, MA, USA) for 30 min each at a flow rate of 10 μL/min. Following
rinsing, the capillary was then dried in a GC oven for 1 h at 120 °C. The capillary was
then rinsed with a solution of 20% γ-MPTS in ethanol, with pH adjusted to 4.5 using
acetic acid, for 1 h at 1 μL/min. After reaction, the capillary was flushed with ethanol for
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30 min at a flow rate of 2 μL/min, and dried by passage of nitrogen gas at 20 psi for 2 h.
Both ends of the capillary were sealed with silicone rubber, and the capillary was allowed
to stand at room temperature for 24 h in the dark.
Preparation of polymer monoliths. Six monolith formulations, as indicated in
Table 4.1, were investigated in this study to prepare poly(AMPS-co-EDMA) monoliths.
The bulk monomer solution was prepared in a 1 dram (4 mL) glass vial by mixing the
initiator, monomer, cross-linker and porogens, and ultrasonicating for 5 min before use.
The monomer solution was introduced into the derivatized capillary by capillary surface
action. The capillary was then placed under a Dymax 500AS UV curing lamp
(Torrington, CT, USA) for 10 min. The UV curing lamp can produce an irradiation
intensity of 200 mW/cm2 in the wavelength range of 320-390 nm. The capillary was
connected to an HPLC pump, and porogens as well as unreacted monomers were
removed by rinsing with methanol.
Surface modification of polymer monoliths. Surface modification of the
poly(AMPS-co-EDMA) monolith was achieved by depositing alternating layers of
positively (polybrene) and negatively (dextran) charged polymers. Using an HPLC
pump, the monolithic capillary column was rinsed with H2O for 30 min at 900 or 2700
psi. A 6% polybrene solution in H2O was pumped through for 30 min at 900 or 2700 psi
and allowed to sit for 30 min. Unbound polybrene was rinsed with H2O. Next, the
monolithic column was washed with a 1% dextran solution in water at 900 or 2700 psi
for 30 min and left for 30 min. Unbound dextran was rinsed with H2O. Finally, the
column was rinsed again with a 6% polybrene solution at 900 or 2700 psi for 30 min and
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left for 1 h. Non-absorbed polymer was washed away with water. The monolithic
capillary column was stored in H2O at room temperature when not in use.
Scanning electron microscopy (SEM). A small section (1 cm) of the monolith
inside the capillary was dried under vacuum, and SEM images were taken using an FEI
Philips XL30 ESEM FEG (Hillsboro, OR, USA)
4.2.3

Capillary electrochromatography

Capillary electrochromatography (CEC) experiments were performed with a Crystal
CE 300 system (ATI, Madison, WI, USA) equipped with an online Crystal 100 variable
wavelength UV-Vis absorbance detector and a Chrom Perfect software workstation
(Mountain View, CA) for data collection and treatment. Electrochromatograms were
converted to a CP Tab delimited raw file with RT and redrawn using Microsoft Excel
(Redmond, WA, USA). CEC experiments were performed as follows. The monolithic
capillary column was connected to an HPLC pump and conditioned with the background
electrolyte, 50 mM sodium chloride in 10 mM phosphate (pH 7.1). The column was then
mounted in the CE instrument, and the sample solution was electrokinetically injected for
0.07 min at – 10 kV. The applied separation voltage was -25 kV, and the detection
wavelength was 214 nm. The entire capillary length, 60 cm, was filled with the
monolith, and a bubble was introduced at 50 cm from the inlet end to serve as the
detection window.
4.2.4

Capillary liquid chromatography

Capillary liquid chromatography experiments were carried out using two ISCO
model 100 DM syringe pumps with a flow controller (Lincoln, NE, USA), 60 nL Valco
internal loop sample injector (Houston, TX, USA), a Linear Scientific Uvis 203 detector
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(Reno, NV, USA) and a Thermo Separations PC 1000 V3.0 software workstation
(Fremont, CA, USA) for data collection and treatment. Experiments were performed in
gradient elution mode. Mobile phase A was 10 mM phosphate buffer (pH 7.1), and
mobile phase B was the same composition as mobile phase A plus 0.5 M NaCl. A linear
gradient in 5 min from 0 to 100 mM NaCl in 10 mM phosphate buffer (pH 7.1) was
typically used. A Valco splitting tee (Houston, TX, USA), connected between the static
mixer of the syringe pumps and the internal loop sample injector via a 5 cm long
capillary (30 mm i.d.), was used as the mobile phase splitter. A 33 cm long capillary (30
mm i.d.) was used as the splitting capillary. The split ratio was 1000:1. On-column UV
detection was performed at 214 nm. Chromatograms were converted to an ASCII file
and redrawn using Microcal Origin (Northampton, MA). The total capillary length was
20 cm, and the monolithic bed length was 15 cm.
4.3

Results and Discussion

4.3.1

Fabrication of coated polymeric monolithic columns

Monolith preparation. Homogeneity and flow resistance were the key
characteristics considered in developing monoliths for protein analysis. AMPS was
selected as the monomer since it contains sulfonate groups to which positively charged
polymers (polybrene) can be attached.
The porogen nature as well as ratios between porogens and the total monomer to
total porogen ratio were among the parameters evaluated for the preparation of suitable
poly(AMPS-co-EDMA) monoliths. Methanol, cyclohexanol and 1-propanol were
investigated as potential porogens. In all experiments, the AMPS to EDMA ratio was
kept constant. In addition, the initiator (DMPA) concentration relative to total monomer
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(AMPS + EDMA) concentration was fixed at 1%. Six monolith formulations were
prepared, as indicated in Table 4.1.
Monoliths prepared according to formulas 2, 3, 4 and 6 were not homogeneous.
Formula 5 resulted in high flow resistance monoliths. Formula 1 was the recipe which
provided macroscopically homogeneous monoliths with the desired flow resistance. An
SEM image of this monolith is shown in Figure 4.1.
Surface functionalization of polymer monoliths. The optimized poly(AMPS-coEDMA) monolith was reacted with polyelectrolyte layers of water soluble polymers. A
positively charged polymer (polybrene), with quaternary ammonium groups, was first
deposited on the poly(AMPS-co-EDMA) monolith. A negatively charged polymer
(dextran), with sulfonate groups, was next introduced. Finally, a second layer of
polybrene was deposited. Owing to ionic interactions, polybrene and dextran attached to
the monolith. The concentration of these polymer solutions was kept low due to viscosity
and column back-pressure issues. Introduction of dual layers of polybrene ensured
stability of the coated monolith.
The surface modification procedure was monitored by measuring the electroosmotic
flow of the poly(AMPS-co-EDMA) monolith prior to and following surface
functionalization with polybrene. These results are shown in Figure 4.2.
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Table 4.1. Compositions of monolith formulations investigated in this study a

Monolith

DMPA

EDMA

50% AMPS

Methanol

Cyclohexanol

1-Propanol

1

0.008

0.40

0.70

1.10

-

-

2

0.008

0.40

0.70

-

1.10

-

3

0.008

0.40

0.80

0.80

-

-

4

0.008

0.40

0.80

0.40

0.40

-

5

0.008

0.40

0.80

-

0.80

-

6

0.008

0.40

0.80

0.40

-

0.40

a

Units are in g.
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Figure 4.1. SEM image of a poly(AMPS-co-EDMA) monolith in a capillary column.
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Figure 4.2. Reversal of EOF after modifying the surface of a monolith with polybrene. Experimental
conditions: 60 cm (50 cm detection window) x 75 µm i.d. fused silica capillary; DMSO neutral marker; -10
kV (0.07 min) electrokinetic injection; 10 mM phosphate (pH 5.0) separation buffer; UV detection at 214
nm. (A) AMPS-co-EDMA monolith; + 25 kV applied voltage. (B) AMPS-co-EDMA monolith coated
with polybrene; -25 kV applied voltage.
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Figure 4.2A is a typical electrochromatogram of a neutral marker, dimethylsulfoxide
(DMSO), run on a poly(AMPS-co-EDMA) monolithic capillary column, while Figure
4.2B is an electrochromatogram of the same marker run on a poly(AMPS-co-EDMA)
monolith reacted with polybrene. The EOF of the poly(AMPS-co-EMDA) monolith was
reversed from anodic to cathodic upon coating with polybrene as observed in Figure 4.2.
The change in magnitude and direction of the electroosmotic flow confirmed the presence
of positive charges, due to the quaternary ammonium groups in the polybrene, on the
surface of the monolith.
The stability of the coated monolith was determined by measuring the reproducibility
of migration time and peak area of the neutral marker DMSO. These results are shown in
Table 4.2. For 5 consecutive runs, the average migration time and peak area were 11.82
± 0.014 min and 2.81 ± 0.14 x 106 µVs, respectively.
Strong ion exchange stationary phases should be fully ionized independent of the pH
of the mobile phase. To further confirm the successful introduction of quaternary
ammonium groups on the surface of the poly(AMPS-co-EDMA) monolith after
functionalization with polybrene, the electroosmotic flow velocity was measured as a
function of the mobile phase pH. Figure 4.3 shows the electroosmotic flow velocity over
the pH range from 3 to 6.5. Due to the presence of strong anion exchange functionalities
(quaternary ammonium groups), the polybrene coated monolith exhibited a relatively
constant electroosmotic flow velocity over the pH range studied. It should be mentioned
that bubble formation was not a problem when running CEC experiments.
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Table 4.2. Reproducibilities of migration times and peak areas of DMSO for a polybrene coated
monolithic column.

Run No.

Retention time (min)

Peak area

1

11.84

2.95 x 106

2

11.81

2.99 x 106

3

11.82

2.73 x 106

4

11.83

2.60 x 106

5

11.80

2.82 x 106

Average

11.82

2.81 x 106

SD

0.014

0.14
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Figure 4.3. EOF velocity versus pH. Experimental conditions: 60 cm (50 cm detection window) x 75
µm i.d. fused silica capillary; DMSO neutral marker; -10 kV (0.07 min) electrokinetic injection; 10 mM
phosphate (pH varied between 3-6) separation buffer; -25 kV applied voltage; UV detection at 214 nm.
AMPS-co-EDMA monolith coated with polybrene.
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4.3.2

Strong anion exchange LC and CEC of protein standards

Several reports on monolithic stationary phases for CEC have been published, with
reversed-phase CEC being the most studied separation mode.5-23 The polybrene coated
AMPS-co-EDMA monolith was applied to the analysis of proteins by capillary
electrochromatography and ion exchange liquid chromatography. Acidic proteins
(myoglobin and ovalbumin) were used in this study. The isoelectric point (pI) of
myoglobin and ovalbumin are 6.9 and 5.1, respectively. These proteins are negatively
charged at the buffer pH values used. A typical isocratic capillary electrochromatogram
of standard ovalbumin is shown in Figure 4.4. It is noteworthy to mention that this
electrochromatogram was not obtained under optimized conditions, and that the baseline
drift observed is likely due to Joule heating produced with the background electrolyte
used. Therefore, optimization of the background electrolyte is necessary to improve the
separation performance. A solution of 5 mM tris-HCl, pH 7.6, containing 50 mM NaCl
should be investigated as a potential background electrolyte.
In ion exchange CEC, the separation mechanism is due to both partitioning and
electrophoretic migration. In order to determine if the ovalbumin peak obtained by CEC
analysis is the result of electrophoretic migration or the combination of electrophoretic
migration and an ion exchange mechanism, analysis of ovalbumin by capillary zone
electrophoresis (CZE) should be performed and a comparison between CZE and CEC
analysis made.
A favorable feature of the method developed here is that the chromatographic
properties of the stationary phase, as well as the magnitude and direction of the
electroosmotic flow can be easily adjusted by the use of different coating materials.
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Figure 4.4. Isocratic CEC of standard ovalbumin. Experimental conditions: 60 cm (50 cm detection
window) x 75 µm i.d. fused silica capillary; 0.3 mg/mL ovalbumin; -10 kV (0.07 min) electrokinetic
injection; 50 mM sodium chloride in 10 mM phosphate (pH 7.1) separation buffer; -25 kV applied voltage;
UV detection at 214 nm. AMPS-co-EDMA monolith coated with polybrene.
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Figure 4.5 is a chromatogram of standard proteins, myoglobin and ovalbumin,
obtained by ion exchange liquid chromatography. In the absence of NaCl, the proteins
could not be detected because the negatively charged proteins were irreversibly absorbed
to the positively charged monolith. When NaCl was added, proteins could be eluted from
the column, indicating a separation mechanism due to ionic interactions between the
analytes and the stationary phase.
4.4

Conclusions
An EDMA-co-AMPS monolith, bearing negative charges, was prepared and its

surface chemistry was modified by attaching a positively charged polymer (polybrene).
Coating with polybrene yielded a monolith with quaternary ammonium groups on the
surface, which was confirmed by strong anodic EOF. The EOF velocity of the coated
monolith was reproducible (0.82 +/- 0.13 mm/sec) and remained constant over a pH
range from 3-6. Analysis of standard proteins (ovalbumin and myoglobin) by ion
exchange LC and CEC using this monolith was demonstrated.
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Figure 4.5. Chromatogram of standard proteins. Experimental conditions: 20 cm (15 cm to detection
window) x 75 µm i.d. fused silica capillary; EMDA-co-AMPS polybrene coated monolith; 0.2 μL/min flow
rate; linear gradient in 5 min from 0 to 100 mM sodium chloride in 10 mM phosphate buffer (pH 7.1); UV
detection at 214 nm. (1) myoglobin, (2) ovalbumin.
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5
5.1

FUTURE RESEARCH
Potential Application of the Protein G Monolithic Preconcentrator in

Proteomics Research
The coupled monolithic preconcentrator-capillary zone electrophoresis system
described in Chapter 2 proved to be suitable for preconcentration of proteins, specifically
IgG, from human serum. This protein G monolithic preconcentrator was designed to be a
universal affinity support which could be tailored for particular applications. Therefore,
applicability of this preconcentrator to the analysis of tumor marker proteins in biological
fluids should be considered in future research. If antibodies raised against specific tumor
marker proteins are immobilized on the protein G monolith, the affinity column could be
used to selectively isolate and preconcentrate target proteins from complex samples.
Using an appropriate elution buffer, target proteins could be eluted from the column, and
separated on-line by capillary zone electrophoresis. The coupling of this system with
more sensitive detectors such as mass spectrometry or laser- induced fluorescence should
also be investigated to further lower the concentration limits of detection.
5.2

Improvements in the Coupled Monolithic System for Simultaneous Removal

of High Abundance Proteins, Preconcentration of Low Abundance Proteins and
Separation by Capillary Zone Electrophoresis
As reviewed in Chapter 1, analyzing the proteome of human serum is problematic
because of a small group of high abundance proteins. In Chapter 3, a coupled affinityhydrophobic monolithic column for on-line removal of IgG, preconcentration of low
abundance proteins and separation by capillary zone electrophoresis was reported. The
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performance of the system was evaluated using a few standard proteins. Before serum
samples can be analyzed using this system, some improvements in the fabrication of
affinity columns are necessary. Covalent immobilization of antibodies raised against the
most abundant proteins in serum (human serum albumin, immunoglobulin G and A,
haptoglobin, transferrin, α1-antitrypsin, and α2-macroglobulin) to protein G monolithic
columns should be considered. Immobilization of antibodies could be accomplished by
saturating the protein G monolithic column with a solution of antibodies in a buffer, pH
7.2-9.2. Cross-linking could then be performed by rinsing the column with a freshly
prepared ice-cold solution of 15 mM dimethylpimelimidate (DMP) and 15 mM
dimethylsuberimidate (DMS) in 0.2 M triethanolamine pH 8.4. Non-specific absorption
sites could be blocked by rinsing the column with 150 mM monoethanolamine, pH 9.0.1,2
Additionally, the use of an array of affinity monoliths is necessary to improve the binding
capacity.
However, this approach would require hundreds-thousands of capillaries bonded
together. For example, assuming a 50 ng binding capacity for a 1 cm monolith cast in a
75 µm i.d. capillary, removal of 1 mg of protein would require approximately 20,000
capillaries. This approach does not seem to be very practical. The use of larger i.d.
capillaries (i.e., 250 µm) with longer monolithic beds (i.e., 25 cm), such as those reported
in Chapter 3, would provide ~280 times larger volumes. Therefore, removal of 1 mg of
protein could be accomplished by the use of at least 72 capillaries. An alternative
approach would be to implement a large scale affinity chromatographic method2,3 for
removal of high abundance proteins using commercially available protein G columns
(i.e., protein G Sepharose) prior to the use of the coupled system reported in Chapter 3.
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Clearly, these columns have much larger binding capacity than the capillary columns.
For example, a 1 mL protein G sepharose column can theoretically bind 24 mg of IgG.
Antibodies to the most abundant proteins in serum could be covalently immobilized to
protein G columns as described above. Addition of 5-20% ACN3 to serum samples may
be necessary to disrupt binding of low molecular weight proteins or peptides to the carrier
proteins (albumin and immunoglobulin), and avoid concomitant removal of these low
molecular weight compounds. The use of these affinity columns would, in theory, clear
up to 90-95% of these proteins. Following this treatment, the coupled affinity
hydrophobic monolithic system could be used to remove the remaining high abundance
proteins, as well as preconcentrate the low abundance proteins. This seems to be the
most practical approach for simultaneous removal of highly abundant serum proteins.
Other methods that involve removal of albumin only include the use of dyes such as
Cibacron Blue F3G-4,4 precipitation with ammonium sulfate, and a chemical-based
extraction method.5
It is evident that single dimension capillary electrophoresis cannot provide the
resolving power of two dimensional gel electrophoresis (> 1000 proteins). Therefore,
integration of the sample preparation systems reported in Chapter 3 with
multidimensional separation techniques should be investigated.
Enzymatic digestion seems to be the most suitable approach for protein
identification, and much attention has been focused on the development of enzymatic
reactors. However, identifying proteins that are present at very low concentrations
represents a challenge. Therefore, the coupling of a protein preconcentrator with an
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enzymatic microreactor would be a powerful strategy for the identification of low
abundance proteins.
Miniaturized analytical devices are believed to be the approach that will enable rapid
and efficient analysis of critical analytes (e.g., tumor marker proteins and drugs).
Therefore, it would be of tremendous value to transfer the methodology reported here for
protein preconcentration to a microchip format. Hyphenation of preconcentration,
digestion, separation and mass spectrometric or fluorescence detection is possible with
microdevices. The combination of these techniques could provide very sensitive assays
for protein analysis. This would be a great advancement in proteomics research.
5.3

Coated polymeric monolithic column for protein analysis
In Chapter 4, a novel EDMA-co-AMPS monolith coated with polyelectrolyte layers

of polybrene and dextran was developed. The monolith proved to be suitable for protein
analysis. An advantage of this monolith is that because the materials used to
functionalize the surface of the monolith are protein compatible, hydrophobic interactions
were suppressed, and addition of organic solvents to the mobile phase was not necessary.
One of the factors affecting the performance of the monolith is the charge density of the
monolith. Therefore, study of the effect of the concentration of coating material on the
ion exchange properties of the monoliths is recommended. Coating of the anionexchange monolith, described in Chapter 4, with negatively charged polymers to generate
cation-exchange stationary phases should also be studied in future research.
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